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ABSTRACT 
Crop improvement through conventional breeding has dramatically enhanced food 
production and created thousands of today's crop varieties to meet a highly diversified 
demand of agricultural products. However, because conventional breeding is often based on 
sexual crossings and selections, it is time consuming and unpredictable. When the desired 
traits are not available in the species or its close relatives, it even is not possible to achieve 
the goals using this approach. Genetic engineering, on the other hand, allows gene transfer 
between unrelated genera or species. It greatly widens the genetic resource to improve crops. 
In most cases, genes that are transformed have known functions, thus the achievement of a 
genetic engineering program is more predictable. Currently transgenic maize, soybean, 
cotton, and other crops, with genetically modified pest resistance, herbicide resistance, and 
quality-improved crops, have been developed and grown worldwide. 
The goal of this study is to produce stress-tolerant maize and soybean to adapt to the 
increasingly degraded environments. Genetic transformation technology is used as a tool to 
achieve the goal. Since transformation technologies in maize and soybean are not robust in 
the respects of transformation efficiency and the quality of resulted products, the study also 
was focused on the development and optimization of maize and soybean transformation 
technologies. 
Two available soybean transformation protocols, Agrobacterium- mediated 
cotyledonary node transformation and soybean pollen-tube pathway transformation, were 
explored in the studies. Factors affecting the transformation efficiency of Agrobacterium-
mediated cotyledonary node protocol were studied and optimized. A transgenic soybean 
Vil 
plant was produced using the optimized protocol. Efforts also were made to repeat the 
controversial transformation protocol - soybean pollen-tube pathway transformation protocol 
because of the great interest with the tissue-culture free feature of the protocol. The result 
indicated that soybean pollen-tube pathway transformation is not reproducible. 
Agrobacterium-mediated maize transformation protocol using a standard binary 
vector system was established in this study. The resulting transgenic maize plants then were 
evaluated. Results showed that transformants generated from this new method have better 
qualities compared with those obtained from particle bombardment transformation, including 
lower transgene copies, and higher and more stable gene expression. 
This study showed that the expression of a tobacco mitogen-activated protein kinase 
kinase kinase gene, Nicotiana protein kinase 1 (NPK1) gene improved the freezing and 
drought tolerance in maize. This is the first report that freezing and drought traits were 
achieved in major crop maize through genetic engineering approach. Transgenic maize was 
identified to have elevated levels of several stress related gene expression, including DREB1, 
ERE BP, EREBR1, GST, and small HSP, indicating that the active NPKI has induced the 
oxidative signaling pathway as expected and, therefore, protected maize plants from stress 
damage. NPK1 transgenic soybean also was produced. However, no advantage in drought 
tolerance was detected in these transgenic soybeans. 
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CHAPTER 1. INTRODUCTION 
1.1 General introduction 
Crop improvement through conventional breeding has dramatically increased food 
production and created thousands of today's crop varieties to meet a highly diversified 
demand of agricultural products. In conventional breeding, the genes preexisting within a 
species or its close relatives are brought together by sexual crossing and plants with desired 
characteristics are then selected. Because the recombination of genetic elements through 
mating and selection is not precise, the new developed crop, more or less, will contain some 
undesirable genes. This affects the effectiveness of the breeding process. Besides, the 
success of the breeding process may be limited by the lack of germplasm with the desired 
traits. 
Genetic engineering is a DNA recombination technique that allows gene transfer 
between unrelated genera or species. This technique also has been used in crop 
improvement. Compared with the conventional breeding, genetic engineering has its 
advantages. Firstly, it extends the genetic base because theoretically genetic engineering can 
transfer agronomically useful genes from any organism. Secondly, it is more effective 
because it avoids the problem of linkage drag associated with the conventional crossing 
breeding and it is less time consuming. To date, many genetic engineered crops have been 
developed and commercialized, including longer post-harvest storage tomatoes, insect 
resistant cotton and maize, virus resistant potato, herbicide resistant soybean and canola, and 
so on (Dunwell, 2000). 
To improve crops through genetic engineering, an efficient transformation system is 
required. Transformation for the two major US crops, maize and soybean has been 
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successfully done for about 15 years (Gordon-Kamm et al., 1990; Hinchee et al., 1988; 
McCabe et al., 1988). Currently, there are several transformation protocols available for 
these two crops. These protocols, however, still need to be optimized to enhance the 
transformation efficiency, reduce the cost, and improve the quality of the products. In this 
dissertation, two alternatives to the current soybean and maize transformation systems were 
explored: soybean pollen-tube pathway transformation and Agrobacterium-mediated maize 
transformation. As a tissue culture free transformation protocol, the soybean pollen-tube 
transformation technique has attracted lots of attention since it was first reported about ten 
years ago (Liu et al., 1992). Because of its poor repeatability and the insufficient molecular 
evidence for confirming transformation, the technique is controversial. A multi-year, multi-
donors (DNA constructs), and multi-recipients (soybean genotypes) experiment was 
conducted in this study. The conclusion was that the soybean pollen-tube pathway 
transformation procedure was not reproducible in our laboratory. Particle bombardment has 
been the most effective maize transformation protocol until recently because Agrobacterium-
mediatcd transformation was not considered to be effective in monocotyledous plants. 
Reports showed that Agrobacterium-mediated maize transformation have several advantages 
over the particle bombardment transformation in other cereals (Dai et al., 2001). 
Agrobacterium-mediated maize transformation was firstly established Ishida et al. (1996) 
using a superbinary vector system. Because of the restriction of intellectual property, the use 
of superbinary vector in their protocol has limitations. In this study, routine transformation 
using a standard binary vector system was achieved. The quality of the transformants 
generated by the system was evaluated by comparing with particle bombardment-derived 
transformants with respect to copy numbers, expression of the transgenc, and the stability of 
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transgene expression. The results indicated that the /4gro6acfenwm-derived transformants 
have lower transgene copies, and higher and more stable gene expression than their 
bombardment-derived counterparts 
With the increase in environmental degradation, the improvement of stress tolerance 
in crops becomes increasingly important. Research has been done to enhance the stress 
tolerance by altering expressions of osmoprotectants (Cushman and Bohnert, 2000; Liu and 
Zhu, 1997; Sakamoto and Murata, 1999; Tarczynski et al., 1993), stress proteins (Duan et al, 
1996; Kortun et al., 2000) or stress related transcriptional factors (Jaglo-Ottosen et al.. 1998; 
Nuccio et al., 1999; Zhang and Blumwald, 2001). Nicotiana protein kinase (NPK1) is a 
tobacco mitogen-activated protein kinase kinase kinase (MAPKKK). which involves the 
transduction of oxidative stress signal. Transgenic tobacco plants that constitutivcly express 
tobacco NPK1, display enhanced tolerance to multiple environmental stress conditions 
(Kortun et al.. 2000). In the study, NPK1 gene was constitutive!} expressed in maize and 
soybean to improve the stress tolerance. Freezing and drought tests were conducted on the 
transgenic plants to evaluate the effects of expression of 7VPÂV gene on stress tolerance. To 
understand the mechanism of the NPK1 gene function, transgenic maize with enhanced 
freezing and drought tolerance were further investigated for contents of the metabolic 
components and gene expression patterns of the stress-related genes. 
1.2 Dissertation Organization 
This dissertation is comprised of eight chapters. Chapter 1 is an introduction, a 
review of literature on the history and current status of plant transformation technology and 
crop improvement of stress tolerance using genetic engineering approaches. Chapter 2 is 
research about the optimization of Agrobacterium-mediated soybean cotyledonary node 
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transformation. Chapter 3 presents the exploration of an alternative soybean 
transformation method: the pollen-tube pathway transformation procedure. This research 
has been published in December 2002 issue of "Plant Molecular Biology Reporter". 
Chapters 4 and 5 are research on the development of maize transformation technology. 
Chapter 4 presents the establishment of an Agrobacterium-mediated transformation system 
in maize using standard binary vector. I actively participated in the construction of plasmid 
vectors and molecular analysis of the Xgro&ocfenwm-derived transgenic maize plants and 
their progenies in this research. This work has been published in the May 2002 issue of 
"Plant Physiology" under the Breakthrough Technology section. Chapter 5 presents the 
assessment of transgenic maize events produced from the newly developed method 
(Xgro&acrerzM/M-mediated transformation) and the standard method (particle bombardment 
transformation). This work has been submitted to "Molecular Breeding" for publication 
and is currently under review. Chapters 6 and 7 present the effect of expression of MPÂY 
gene on freezing tolerance in maize and drought tolerance in both soybean and maize, 
respectively. Manuscripts are in preparation. Chapter 8 contains general conclusions on 
the research in this dissertation. The appendix describes research efforts on the expression, 
purification, and the Western analysis of NPK1 protein using the E. co# protein expression 
system. 
Chapters 2 through 7 are presented in manuscript format with multiple authors. My 
major professor Dr. Kan Wang provided the guidance and directions throughout the entire 
research period. The co-major professor Dr. Reid G. Palmer, USDA/ARS provided 
technique input in the research of soybean pollen-tube transformation. Dr. Jen Sheen of 
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Massachusetts General Hospital provided the 7VPAY gene and 35SC4PPDK promoter in this 
study as well as the discussions in Chapter 6 and 7. Bronwyn Frame of Plant 
Transformation Facility conducted the tissue culture protocol development of maize 
transformation in the project. She also provided technique input on analysis of transgenic 
maize. Dr. Steven A. Whitham of the Department of Plant Pathology provided training 
and technique input on the study of RNA expression. Dr. Jianbing Fan from Illumina Inc. 
in San Diego, CA, did the fiber optical microarray experiment in the research presented in 
Chapter 6. Dr. Patricia Bordallo is a post-doctoral research associate in the Plant 
Transformation Facility who worked with me on the stress tolerance tests of transgenic 
maize and soybean. 
1.3 Literature Review 
1.3.1 Assessment of plant transformation technology 
1.3.1.1 Current plant transformation protocols 
The stable incorporation and expression of foreign genes into plants by means other 
than fusion of gametes or other cells was defined as plant transformation (Birch, 1997). The 
first report of plant transformation was a neomycin phosphotransferase II gene (nptll) 
incorporation into petunia and tobacco, which resulted in cells that expressed high levels of 
resistance to kanamycin (Fraley et al., 1983). The transformed tobacco cells then were 
successfully regenerated into the first transgenic plant in the world (De Block et al., 1984; 
Horse h et al., 1984; Paszkowski et al., 1984). Successful transformations have been 
extended to over 120 species, including most economic crops, vegetables, ornamental, 
medicinal, fruit, tree, and pasture plants (Birch, 1997). Today, transformation technology has 
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become a critical research tool in plant biology and a practical tool for crop improvement. 
1.3.1.1.1 Tissue culture prerequisite 
In most current plant transformation systems, transgenic plants are achieved through 
the following processes: delivering gene into regenerable cells of expiants, selecting the 
transformed cells from non-transformed cells, and regenerating them into plants. In these 
systems, tissue culture is a prerequisite. Because the tissue culture process requires time, 
skilled labor, and relatively expensive laboratory facilities, establishing a transformation 
system, especially in those species in which the tissue culture procedure has not been 
established, is difficult. In addition, somaclonal mutations and sterility that frequently 
happen when long-term tissue culture is involved are not desirable for the production of 
transgenic plants (Birch, 1997). 
Development of tissue culture-independent transformation systems is of great interest 
because such systems would avoid constraints imposed by genotype specificity in 
transformation and regeneration, and would eliminate tissue culture-induced genetic 
variation. In addition, transgenic plants would be produced inexpensively and rapidly. 
Arabidopsis in planta transformation first succeeded by infecting seeds (Feldmann and 
Marks, 1987) or severed shoots with Xgro&zcfenwm solution (Chang et al., 1994; Katavic et 
al., 1994). An infiltration method that used vacuum to assist the penetration of 
Agrobacterium solution into Arabidopsis flowers increased the transformation efficiency to 
1% (Bechtold and Pelletier, 1998; Clough and Bent, 1998). Currently transgenic 
can be achieved by simply dipping inflorescences of early flowering stage plants into 
Agrobacterium solution and screening the harvested seeds for the transformants (Bent, 2000). 
Genetic and biological research in Arabidopsis has greatly benefited from the success of this 
7 
in planta transformation protocol (Bent, 2000). 
In addition to the success in /WWopjij, AWicago frwMcafw/a recently has been 
transformed by Agrobacterium vacuum infiltration of flowers and seeds (Trieu et al., 2000). 
Other non-tissue culture methods such as injection of naked DNA into ovaries and the 
pollen-tube pathway transformation have been reported to produce transformed plants in 
numbers of species (Bent, 2000). However, these methods are difficult to reproduce in other 
laboratories. 
1.3.1.1.2 Gene delivery methods 
In both tissue culture dependent and independent systems, the first step of plant 
transformation is to deliver foreign genes into plant cells. Particle bombardment and 
Agrobacterium-mediated methods are the two major DNA delivery systems. 
Particle bombardment is a physical method to deliver foreign DNA in which high 
density, sub-cellular sized DNA coated particles (gold or tungsten) are accelerated to high 
velocity into living cells. Once in the cell, the genetic material is transported to the nucleus 
where it is incorporated among the host genes. Due to the physical nature of the process, this 
DNA delivery method is genotype-independent. Currently it is routinely used in many crops, 
especially in those species that fail to respond to /dgrobzcfenw/M infection (Birch and Franks, 
1992; Christou, 1992, 1995; Klein et al., 1996). In most cereal crops such as rice, wheat, and 
maize, it has been the most effective transformation protocol. One of the disadvantages 
about the DNA delivery system is the requirement for the expensive equipment - biolistic 
gun. There is also a concern about the system that the transgenic plants obtained in the 
system usually have multiple copies of transgene integration and which may result in the 
reduction of transgene expression by co-suppression (Vaucheret et al.. 1998). Besides, the 
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method cannot be used to deliver long DNA fragments because breakage can occur during 
the delivery (Pawlowski and Somers, 1998). 
Agrobacterium-mediated transformation uses the natural ability of soil-borne 
bacteria, A mme/ôc/e/zs or A r/wzogemes as mediators to deliver a foreign DNA fragment 
into plant cells. During the transformation process the specific segment of Ti plasmid of 
Agrobacterium, known as T-DNA, containing a selectable marker and gene of interest, is 
transferred from the bacterium to the plant cells. Transfer of the T-DNA region by 
Agrobacterium is mediated by a set of proteins encoded by the virulence genes. The 
expression of the virulence genes is induced by phenolic compounds that are released by 
wounded cells of plants (Gelvin, 2000). 
Agrobacterium-mediated transformation is attractive because the protocol is simple 
and requires minimal equipment costs. The transformation system also results in transgenic 
plants with low transgene copy number and higher transgene expression (Dai et al., 2001 ). 
Moreover, the system made the transfer of large DNA fragments (150 kb) possible (Hamilton 
et al., 1996). However, since Agrobacterium-mediated transformation is a process of 
coordinated interaction between the plant and Agrobacterium, the success of the method 
greatly depends on the susceptibility of plants to infection (Birch, 1997). 
Agrobacterium-mediated transformation is widely adapted in the species, which are 
susceptible to infection by Agrobacterium, mainly dicotyledons plants. Monocotyledons 
plants were not considered to be competent to infection by Agrobacterium because they 
generally are not natural hosts for /jgrobacfgnum (Potrykus, 1991). In the monocotyledons 
plants, Agrobacterium-mediated transformation protocols are not as well established as the 
particle bombardment protocol. Recent modifications, including the use of superbinary 
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vectors that contain extra copies of Wr genes and the applications of Wr gene inducers, such 
as acetosyringgone and anti-oxidants, such as cysteine and dithiothreitol (DTI), during the 
cocultivation stage, have enhanced the chance for Agrobacterium infection. Many 
monocotyledons plants have been successfully transformed in recent years by using the 
modifications above, including the major cereal crops, rice, wheat, and maize. This suggests 
that T-DNA transfer from Agrobacterium to dicotyledons and monocotyledons is based on an 
identical molecular mechanism (Ishida, et al., 1996; Hiei et al., 1997). Therefore, 
monocotyledonous species can be transformed by Agrobacterium as soon as methodological 
parameters are optimized. 
Two potential problems occur in Agrobacterium-based transformation methods that 
need to be addressed. Increased evidence has shown that the vector sequence outside of the 
T-DNA region can be dragged into the genome of transgenic plants (Cluster et al., 1996; 
Kononov et al., 1997; Wenck et al., 1997). Agrobacterium also was found to persist on the 
transgenic plants up to 12 months following transformation (Christou, 1997). These 
phenomena of Agrobacterium-based transformation might increase the potential 
environmental risk of the transgenic products. 
1.3.1.2 Genetic engineering in maize and soybean 
1.3.1.2.1 Importance of maize and soybean 
Maize, ranking second to wheat in the world and first in the US among the cereal 
crops, is a major food and feed crop world-wide (FAO 1999). In 2002, approximately 32 
million hectares of maize was planted in the US and about 9 billion bushels of grain were 
produced. Forty percent of the world maize is produced in the US (USDA-ARS, 
http://www.public.iastate.edu/~usda-gem/corn.html). The improvement of this crop is of 
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significant importance for both the global and US economies. Soybean is the second leading 
US crop that dominates the world supply of edible vegetable oil and high-protein feed 
supplements for livestock. In 1999, soybeans represented 52 percent of world oilseed 
production, and 46 percent of those soybeans were produced in the United States (United 
Soybean Board, http://www.unitedsoybean.org/soystats2000). In the US, annually 29.9 
million hectares of soybean are planted and produces 2,400 million bushels for both domestic 
use and export (USDA-ARS, http://www.usda.gov<nass). 
Genetic engineering is a powerful strategy for crop improvement. Given the 
importance of maize and soybean in agriculture and economy, these two crops have been 
considered as major targets for genetic engineering. Efforts to develop new varieties in these 
crops using genetic engineering technology have achieved much success. Currently 
herbicide resistant soybean and insect resistant maize have been the two most dominant 
transgenic crops worldwide. In 2002, herbicide tolerant soybean and Bt maize occupied 36.5 
and 7.7 million hectares, representing 62% and 13% of the global transgenic crop area, 
respectively (Clive, 2002). In the US, transgenic maize and soybean occupied 31% and 46% 
of the planting hectares, respectively (Clive, 2002). 
1.3.1.2.2 Approaches for soybean transformation 
Various methods for soybean transformation have been developed since the first 
transgenic soybean plants were produced in 1988 (Hinchee et al., 1988; McCabe et al., 
1988). These include particle bombardment of shoot meristems (McCabe et al., 1988) and 
embryogénie suspension cultures (Finer and McMullen, 1991), /fgro&zcferzwm-mediated 
transformation of immature cotyledonary-nodes (Parrott et al., 1989), embryogénie 
suspension cultures (Trick et al., 1997), and seedling cotyledonary nodes (Zhang et al.. 
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1999). Currently Agrobacterium-mediated transformation of the cotyledonary node 
organogenic regeneration system and particle bombardment mediated transformation of the 
embryogénie suspension culture system are the most popular methods for the production of 
transgenic soybean. 
The soybean cotyledonary nodes produce numerous shoots through organogenesis. 
The cotyledons detached from 4-10 day old seedlings were inoculated with Agrobacterium 
carrying the selectable marker and gene of interest in the T-DNA of its plasmid. Some 
transformed cells of the cotyledonary node then go through the selection schemes and are 
regenerated into transgenic plants. Using neomycin 3'-O-phosphotransferease (nptll) and 
kanamycin as the selectable markers and selective agent, Hinchee et al. (1988) recovered the 
first transgenic soybean plant through this system. Wounding the cotyledonary nodes prior 
to the bacterium inoculation increased the chance of Agrobacterium infection and shoot 
generation (Zhang et al., 1999), and now are included in the protocols. The selection systems 
of phosphinothricin acetyltransferase {bar) - glufosinate and hygromycin phosphotransferase 
(ApA) - hygromycin B were reported to be more effective than npf# - kanamycin (Zhang et 
al., 1999; Olhoft et al., 2003). The use of thiol compounds, such as L-cysteine and 
dithiothrcitol (DTT) during the co-cultivation stage can also improve T-DNA delivery by 
inhibiting the activity of plant pathogen-response enzymes (Olhoft and Somers 2001, OlhoA 
et al., 2001). The limitation for the protocol is that the success of the protocol greatly 
depends on how the wounding on the cotyledonary nodes is done. The reported higher 
efficiency of the transformation protocol may not be repeatable in all laboratories. 
The tissue culture process of soybean embryogénie suspension cultures was 
established by Finer and Nagasawa (1988). In their protocol, embryo suspension cultures 
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were initiated by culturing immature cotyledons using high 2,4-D level medium. The 
embryos formed were then placed into liquid medium to conduct embryogenesis repetitively. 
Plants can be regenerated from mature embryos generated from the suspension culture. By 
bombarding the embryogenic suspension culture with plasmid DNA carrying a selectable 
marker (&p/;) and reporter (GL#) gene, and followed by the selection process, transgenic 
soybean plants were achieved (Finer and McMullen, 1991). The embryogenic suspension 
cultures could also be transformed by A. tumefaciens with the assistance of sonication (Trick 
and Finer, 1998). The difficulties occurring in the maintenance of the suspension culture, 
cultivar-dependent plant regenerations, and the poor fertility (both male and female) in the 
recovered plants arc limiting the use of the protocol in soybean transformation. 
In addition to the transformation protocols discussed above, several other alternative 
methods that do not involve the tissue culture procedure have been explored in soybean. 
They include pollen-mediated (pollen soaked or bombarded with DNA before pollination, 
Saunders and Matthews. 1997), pollen-tube pathway (apply or inject DNA into pollinated 
flowers, Hu and Wang, 1999), seed or flower infiltration (partially germinated seed or flower 
vacuum infiltration in the presence of A. tumefaciens; Chee et al., 1994). These 
transformation methods are of great interest because they avoid constraints imposed by 
genotype specificity in transformation and regeneration, and eliminate tissue culture-induced 
genetic variation (Shoti et al.. 2002). In addition, transgenic plants would be produced 
inexpensively and rapidly. The common weaknesses in these transformation protocols are 
poor repeatability and the insufficient molecular evidence for confirming transformation. 
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1.3.1.2.3 Approaches for maize transformation 
Transformation in maize, like in other monocotyledonary species, has mainly used 
particle bombardment protocol until recently. Particle bombardment transformation of maize 
can use both immature embryos and embryogenic callus cultures as target tissue (Gordon-
Kamm, et al., 1990; Frame et al., 2000). Immature embryos are excellent transformation 
targets because they minimize both time in tissue culture, and skilled labor in callus 
induction and maintenance (Frame et al., 2000). Callus is usually used when the immature 
embryos are not available because it can be maintained year-round in the laboratory. The 
process of callus formation from the scutellum of immature embryos is highly genotype 
dependent. Only a few of maize genotypes, such as Hi II germplasm and H 99, Al 88 inbred 
lines, are capable of forming totipotent callus. The current protocol for particle 
bombardment transformation in maize is well-established whether immature embryos or 
embryogenic calli are used (Frame et al., 2000). However, there is a criticism about the 
qualities of transgenic plants achieved from the protocol. Evidence showed that the 
bombardment methodology results in transgenic plants with multiple copies of the transgene, 
which consequently results in the co-suppression of the transgene expression (Dai et al., 
2001; Vaucheret et al., 1998). 
Agrohacterium-mediatcd transformation is considered as a good alternative to the 
particle bombardment transformation method regarding the problems of multiple-transgene 
copies and transgene silencing. Agrobacterium-mediated transformation of maize first was 
successful (ishida et al., 1996) using a super binary vector that contains extra copies of 
virulent genes vir B, vir C, and vir G (Komari, 1990). Immature embryos from inbred A188 
were transformed using Agrobacterium harboring a super binary vector. The transformation 
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frequencies (which is defined as the percentage of expiants yielding independent 
transformants) were from 5% to 30% (Ishida et al., 1996). Modifications of the protocol in 
the aspects of antibiotics, plant culture media, Agrobacterium concentration, co-cultivation 
duration and resting periods, have increased transformation frequency to 40% (Zhao, et al.. 
2001). However, due to proprietary issues, the super binary vector system is not allowed to 
be used in most public sector laboratories. Developing an Agrobacterium-meà.\atQà maize 
transformation system using a standard binary vector is of great interest. 
1.3.2 Improve crop stress tolerance through genetic engineering 
Environmental factors that exert a disadvantageous effect on plants are called 
stresses. Record yields (yields of crops grown under ideal conditions) were often three to 
seven times greater than the average yields (Boyer, 1982). The loss of crop yield was mainly 
due to unfavorable physicochemical environments caused by weedy competitors, pests, 
inappropriate soils, and unfavorable climates. Stresses associated with US soils include 
temperature stress (15.7%), drought (44.9%), water logging (16.5%), salinity (7.4%), and so 
on. Only 12.1% of the land surface is free from physicochemical problems. Besides, 
unfavorable climates, which can cause temperature and water stresses, are as pervasive as 
those of unfavorable soils (Boyer, 1982). Overcoming these stresses can increase crop 
performance and stabilize yields. 
Given the importance of stress tolerance, plant breeding programs have included 
major efforts to increase environmental stress tolerance. However, because of the lack of 
identified germplasm and the physiological and genetic complexities involved in enhancing 
stress tolerance, traditional breeding efforts have met with little success (Cushman and 
Bohnert, 2000). The most freezing tolerant wheat varieties available now are almost at the 
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same tolerance level as varieties were in the early part of this century (Jaglo-Ottosen, et al., 
1998). Genetic engineering offers a good alternative to conventional breeding in the 
improvement of stress tolerance. Studies of overexpression of biosynthetic enzymes for 
osmoproteetants, scavengers of reactive oxygen species, stress-induced protein, and stress 
related transcriptional factors in plants have showed promising results in the improvement of 
stress tolerance (Cushman and Bohnert. 2000; Xu et al, 1996; Fuji moto et al., 2000; Jaglo-
Ottosen et al., 1998; Kovtun et al.. 2000; Liu and Zhu. 1997; Nuccio et al.. 1999; Sakamoto 
and Murata, 1999; Tarczvnski et al., 1993; Zhang and Blumwald. 2001 ). 
1.3.2.1 Expression of osmoproteetants 
Under stress conditions, plants accumulate certain low molecular weight compounds 
to maintain intercellular water balance. These compounds, known as osmoproteetants. 
stabilize proteins and membranes against the denaturing effect of dehydration caused by 
temperature or water stress. Three types of osmoproteetants have been expressed in plants, 
including betains (fully N-methylated amino acid derivatives) and related compounds, amino 
acids like proline, polvols and non-reducing sugars like trehalose (Bohnert and Jensen 1996). 
Because the osmoproteetants are not species-specific, genes from other organism can be 
engineered into plants and serve as osmoproteetants. 
Genetic engineering to increase the levels of mannitol, proline, trehalose, glycine 
betaine, and other osmoproteetants has been carried out in tobacco, /fraWqpsis, rice, and 
potato. Most genes used for the above engineering, including mill) (mannitol 
1-phosphate dehydrogenase; Tarczynski et al., 1992 and 1993). cd* and 6WA (encoding 
choline dehydrogenase and betaine aldehyde dehydrogenase, the enzymes for glycine betaine 
synthesis; Lilius et al., 1996). otsA (encoding TPS. trehalose-6-phosphate synthase) and otsB 
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(encoding TPP, trehalose-6-phosphate phosphatase, Rontein et al., 2002), ectA, B and C 
(encoding enzymes for ectoine synthesis, Nakayama, et al., 2000) have originated from 
bacteria such as Escherichia coli and Halomonas elongata. A few plant-based genes, such as 
7MT7 (encoding myo-inositol O-methyl transferase), f JŒ (encoding biosynthetic enzymes 
pyrroline-5-carboxylate synthase), and PJC# (encoding pyrroline-5-carboxylate reductase) 
from ice plant and mothbean, also were used. Results show that expression of one or several 
foreign genes encoding either biochemical pathways or endpoints of signal pathways into 
plants has led to modest accumulation of an osmoprotectant and consequently, increased the 
stress tolerance of the plants by osmotic adjustment (Cushman and Bohnert, 2000; Goddijn et 
al., 1997; Nuccio, el al., 1999; Tarczynski et al., 1992 and 1993; Thomas et al., 1995). For 
instance, transgenic tobacco plants that overexpressed an E. coli gene encoding manitol-1-
phosphate dehydrogenase (mtlD) accumulated mannitol in their leaves and roots (Tarczynski 
et al., 1992). The transformed tobacco plants survived under high salinity (250mM NaCl) 
condition (Tarczynski et al. 1993). Similar results were observed in Arabidopsis (Thomas et 
al., 1995). In this research, mill) transgenic Arabidopsis seeds germinated in higher salt 
containing medium (400m M NaCl), while control seeds ceased germination at 100 m M 
NaCl. Another example is the transfer of the myo-inositol O-methyl transferase IMT1 gene 
from ice plant to tobacco (Sheveleva et al, 1997). Because the enzyme does not originally 
exist in tobacco, D-ononitol cannot be produced in the wild type tobacco plants. The IMT1 
transgenic tobacco accumulated significant D-ononitol and conferred elevated drought and 
salinity stress tolerance. Overall, there are two common features in these results: 1) The 
accumulation of these target osmolytes is metabolically limited. 2) The level of accumulated 
osmoproteetants is not necessarily correlated with the degree of stress tolerance of the 
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transgenic plants (Apse and Blumwald, 2002). 
1.3.2.2 Altering genes involving the active oxygen species (AOS) detoxification 
When plants are exposed to environmental stresses the amount of active oxygen 
species (AOS), such as superoxide, hydrogen peroxide, and hydroxyl radicals in plants, 
increases (Iba, 2002). The accumulation of AOS causes damage to cells by oxidation of then-
constituents. Several enzymes, known as antioxidants, involve the detoxification of AOS. 
These antioxidants include superoxide dismutase (SOD), ascorbate peroxidase (APX). 
catalase (CAT), monodehydroascorbate reductase (MDAR), dehydroascorbate reductase 
(DHAR), glutathione reductase (GR), glutathione peroxidase (GPX). and glutathione S-
transferase (GST) (Noctor and Foyer, 1998). Altering the activity of the above enzymes 
through genetic engineering has been carried out in tobacco, alfalfa, tomato, and Arabidopsis 
(Iba, 2002). Transgenic tobacco and alfalfa that overexpressed SOD in mitochondria or 
chloroplasts showed enhanced resistance to intense light and low temperature (Mckersie et 
al., 1999; Sen Gupta et al., 1993). Transgenic tobacco expressing GST gene in the cytoplasm 
showed resistant to low temperature and salt stress (Roxas et al., 1997). However, transgenic 
tomato, which expressed the E. coli gr gene did not show any improvement in chilling 
tolerance (Bruggemann et al., 1999). 
1.3.2.3 Expression of stress-induced proteins 
Under stress conditions, plants accumulate a group of proteins, designated stress-
induced proteins, such as late embryogenesis abundant (LEA) proteins and heat shock 
proteins (HSPs). These proteins may preserve protein structure and membrane integrity by 
binding water, preventing protein denaturation, and promoting the renaturation of aggregated 
protein molecules (Iba, 2002). Recent experimental evidence showed that transgenic plants 
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that constitutively expressed these stress-induced proteins improved growth performance 
under salinity, drought, and low temperature stress conditions, although the exact function of 
these proteins remained uncertain. For instance, transgenic rice plants overcxpresscd the 
HVA1 gene, a late embryogenesis abundant protein gene accumulated LEA protein in both 
leaves and roots and maintained higher growth rates, delayed development of damage 
symptoms, and improved recovery when they were under water deficit and salinity (Xu et al., 
1996). Similarly, improved drought and salt tolerance have been observed in transgenic 
tobacco and Arahidopsis plants overexpressing the heat shock protein (HSP) genes (Li et al., 
2003; Prandl et al., 1998; Sugino et al., 1999; Sun et al., 2001). These results indicate that 
the genetic engineering of stress induced proteins can improve the stress tolerance of plants. 
1.3.2.4 Alter the expression of the transcriptional factors 
Many water deficit and cold responsive genes, such as RDI 7, ERD10. KIN1, 
COR 15a, COR6.6, and RD29A ( COR 78) contain a 9-bp element, TACCGACAT in their 
promoter region, known as dehydration-responsive element (DRE). The DRE element 
contains a 5-bp core sequence of CCGAC, also known as C repeat (CRT), that plays an 
important role in regulating gene expression in response to low temperature, water deficit, 
and high salinity (Thomashow, 1999). Proteins that bind to the DRE/CRT element and 
mediate transcription of these stress responsive genes were isolated by the yeast one-hybrid 
system and named DRE-binding proteins (DREBs) or CRT-binding factors (CBFs) 
(Stockinger et al., 1997). DREBs/CBFs are transcriptional factors that can activate 
CRT/DRE-containing genes (Thomashow, 1999). Among the multigene family of 
DREBs/CBFs, the CBF/DRE transcriptional activators, CBFl (DREB1B), CBF2 (DREBIC), 
and CBF3 (DREB1A ) have been cloned from Arahidopsis. Overexpression of the CBFl gene 
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in plants induces expression of the CO# genes and increases freezing tolerance 
in the absence of cold acclimation (Jaglo-Ottosen et al., 1998). Transgenic canola (Branca 
Mo/wj) plants that overexpressed the ŒF7 transcriptional factor showed similar results, 
indicating that the function of ŒF7 may be highly conserved in plants (Jaglo-Ottosen et al., 
2001). D/ŒJ97/4 (CAFJ) gene driven by a 35S promoter or stress-inducible promoter 
was transformed into and transgenic plants showed enhanced freezing, salt, and 
drought tolerance (Liu et al., 1998; Kasuga et al., 1999). 
1.3.2.5 Case study: Mcofwaa Protein Kinase 1 (NPK1) and stress tolerance 
1.3.2.5.1 Mitogen-activated protein kinase (MAPK) cascades and environmental stress 
response in plants 
Mitogen-activated protein (MAP) kinase cascades include three kinase families: 
mitogen-activated protein kinases (MAPKs), MAPK kinases (MAPKKs), and MAPKK 
kinases (MAPKKKs). MAPKKs are activated by the phosphorylation of serine and 
serine threonine residues by upstream kinases, MAPKKKs. The activated MAPKKs, in turn, 
activate MAPKs by the phosphorylation of their threonine and tyrosine residuals. The 
cascade plays an important role in various signal transduction pathways in plants, animals 
and yeasts (Mizoguchi et al., 1997). 
Recently, it has been demonstrated that transcription of genes encoding protein 
kinases of MAPK cascades in plants can be activated by biotic and abiotic stresses, such as 
pathogens, wounding, drought, cold, and plant hormones such as abscisic acid (ABA), auxin, 
and ethylene. The activated MAPKs can mediate the appropriate defense or survival 
mechanisms (Hirt, 1997; Kovtun et al., 1998). Stress adaptation in plants is mediated by 
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ABA-dependent and ABA-independent process. Jonak (1996) found that MMK.4 kinase was 
not activated by ABA, whereas the transcription of an ABA-inducible marker gene was 
rapidly induced by ABA. They concluded that the MMK4 kinase pathway that mediates 
stress signaling is an ABA-independent processes. Kovtun (2000) reported that Arabidopsis 
mitogen-activated protein kinase kinase kinase (ANP1, one of MAPKKKs) is involved in the 
oxidative stress signal transduction. In their study, ANP1 was induced specifically by 
hydrogen peroxide (HiCX). At the same time, ANP1 could activate H:0; -inducible 
promoters (GST6 and //.SP7&2) and but it would not change the expression of the ABA-, 
cold- or drought-responsive promoter (rd29A). They hypothesized that the activation of 
MAPK cascade consequently activated stress-response genes and protected plants from 
multiple stresses. 
1.3.2.5.2 Mcofwma Protein kinase gene (NPK1) and stress tolerance crops 
Mcofm/za protein kinase gene (7VPAV), originally found in tobacco plants, encodes a 
member of the MAPKKK family. The catalytic domain of vVPÂV specifically activates the 
signal transduction pathway in yeast, indicating that the catalytic function of NPK1 is 
conserved among different organisms (Banno et al., 1993). NPK1 can mimic the H2O1 effect 
and initiate the MAPK cascade. The activation of MAPK cascade consequently induced 
promoters of genes involved in the H2O2 signal pathway such as GSZ? and #5% (Kovtun et 
al., 2000). Transgenic tobacco that overexpressed the AfPXV gene showed enhanced 
tolerance to multiple stresses (Kovtun et al., 2000). In the dissertation, research on the 
development of stress tolerant transgenic maize and soybean by constitutively expressing 
NPK1 gene through genetic engineering is presented. 
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CHAPTER 2. A STUDY OF FACTORS AFFECTING AGROBACTERIUM 
MEDIATED SOYBEAN COTYLEDONARY NODE TRANSFORMATION 
Abstract 
Agrobacterium-mediaXed cotyledonary node transformation is a routine but inefficient 
system for soybean transformation in the ISU Plant Transformation Facility. The current 
average efficiency is 1% (one transgenic plant per 100 infected expiant materials). To 
improve the transformation system, factors affecting the transformation efficiency, including 
vigor of expiants (seeds), seed sterilization time, soybean genotypes, and Agrobacterium 
growth phase, were investigated in this study. Results showed that there is a direct 
correlation between seed vigor and regenerabilitv of seed. Seed sterilization using chlorine 
gas in the protocol significantly reduced vigor of seeds and consequently decreased the 
regeneration rates of the seeds. To increase the transformation efficiency, starting from seeds 
with high vigor and minimizing the duration of seed sterilization are important. The 
genotype evaluation experiment showed that cultivars Peking (PI 438496) and Jack (PI 
540556) could be used for the transformation system because both genotypes are susceptible 
to Agrobacterium. Results also showed that Agrobacterium cells with OD650 = 0.3-0.6 had 
the best infectability to transform soybean cotyledonarv nodes. Using the optimized 
condition, a transgenic soybean plant was achieved from cultivar Peking. Southern analysis 
showed that the transgenic plant has two copies of the transgene, 
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Introduction 
Genetic transformation has been an important tool in crop improvement and 
functional genomics research. The low efficiency of the current soybean transformation 
protocol has become a major constraint in soybean genome research and biotechnology 
applications. It has been estimated that current soybean transformation efficiency needs to be 
improved 5 to 10 folds to meet the demands of existing soybean genomics initiatives (Olhoft, 
et al., 2003). The Agrobacterium-mediated cotyledonary node system is being used routinely 
in soybean transformation. Many modifications (Olhoft, et al., 2001, 2003; Zhang et al.. 
1999) have been made since it was first succeeded (Hinchee et al., 1988). However, the 
transformation efficiency of the protocol remains low. 
Unlike the biolistic gun-mediated transformation method. Agrobacterium-mediated 
plant transformation involves two living organisms (plant and Agrobacterium) in the process. 
The status of both organisms can affect the effectiveness of the process. Efforts to increase 
the virulence of Agrobacterium, including the use of super binary vectors which contain 
additional copies of vir gene (Komari, 1990), the application of chemical inducers of vir 
genes, acetosyringone in the co-cutivation medium (Bolton et al. 1986; Dyé et al. 1997), have 
had positive impacts on the improvement of transformation efficiency. Selection of soybean 
genotypes with greater susceptibility to Agrobacterium can also increase chance of success 
(Byrne et al. 1987; Cho et al. 2000; Delzer et al. 1990; Meurer et al., 1998; Zhang et al., 
1999) 
It has been reported that explant source contributes to variation in rcgenerability in 
tissue culture in sunflower (Baker et al. 1999). Similarly, maize immature embryos from 
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different environments had different tissue culture response for transformation (B.R. Frame, 
personal communication). Dependence on field-derived seed can be problematic due to 
increased contamination as compared to greenhouse-derived seed. In the protocol of 
v4gro6acferw?M-mediated soybean cotyledonary node transformation, mature soybean seeds 
were sterilized by chlorine gas prior to the expiant preparation and subsequent 
Agrobacterium infection. While little time (< 2 hours) of sterilization cannot completely 
decontaminate expiants, prolonged sterilization (>24 hours) might cause damage of expiants 
and consequently affects their regenerabilities (Maruvama et al., 1989). In this study, we 
compared the regeneration rates of expiants from different source of soybean seeds with 
different sterilization times. Our goal was to assess the relationships between seed source, 
sterilization time and seed vigor, seed vigor and regenerabilities of the expiants from the 
seeds. In addition, we also studied other conditions for the transformation system, including 
evaluation of soybean genotypes and tests for the best growth phase of strain 
EH A 105. Molecular and progeny analyses on the transgenic plant achieved were included 
in the study. 
Material and Methods 
/igroAacferHfm vecfor «««/ sfraw 
fwrn/hcfgrw strain EHA105 (Hood et al., 1993) containing the binary 
vector pCAMBIA3301 (GAMBIA, CSIRO, Canberra, Australia. Liz Deaves, personal 
communication, 1996) was used in all of the experiments. The 6.3-kb T-DNA fragment is 
shown in Figure 1. The vector contains the bar gene as a selectable marker and the intron-
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gwj gene as a reporter gene within the T-DNA region. Both Zxzr and gwa genes are driven by 
the 35S promoter from cauliflower mosaic virus (CaMV). 
P&znf fMOfgrW 
Jack (PI 540556), Peking (PI438496), Williams 82 (PI 518671), and Asgrow 3237 
were used for the cultivar evaluation experiment. Among these, Asgrow 3237 is a genotype 
from a private company that has been successfully used for Agrobacterium-mediated 
cotyledonarv transformation (Zhang et al.. 1999) and was used in the experiment of 
Agrobacterium infection as a positive control. Seeds of these genotypes were produced in 
our greenhouse in 1998. 
Two samples of Jack seeds that were used for the study of seed vigor and 
regenerability were produced in 1997 field (PTF) and Illinois Foundation Seed in 1998, 
respectively. 
We used an accelerated aging (AA) to measure the vigor of soybean seeds. Seed 
vigor is evaluated by the germination rate after accelerated aging (AA) treatment. Forty-two 
grams of soybean seeds from each sample were weighed and placed on a screen tray, which 
was inserted into an inner aging chamber (Hoffman, Albany, OR, USA) containing 50 ml of 
water. The inner chamber was placed into an incubator at 42°C for three days. AA treated 
soybean seeds were used for a standard germination test as described in the International 
Rules for Seed Testing (I ST A, 1999). Briefly, 100 soybean seeds for each treatment sample 
were planted on sand bed on a plate. Plates were put in a germination cart and incubated at 
30°C with an alternating light source (8-12 h light per day). Seven days later, the number of 
germinating seedlings was scored. The germination rates were calculated as the number of 
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germinating seeds divided by total number of tested seed multiplied by 100. Four 
replications were included in the germination test. 
.Seed sfenKzaffon aW germwofwM 
Soybean seeds were sterilized by placing seeds in a sealed desiccator containing 
chlorine gas made by mixing 3.5 ml of 12 M HC1 and 100ml commercial bleach (5.25% 
sodium hypochlorite) for 16 hours, or the time period specified for treatments. Sterilized 
seeds were germinated on B5 medium (Gamborg et al., 1968) containing 2% sucrose and 
3.0% Phytagel (Sigma, St Louis, MO, USA) at 24*C for 5-7 days. 
The cotyledon expiants were prepared by removing roots and the majority of the 
hypocotyls from germinated seedlings and wounding the cotyledonary nodal region as 
described by Olhoft (2001 ). 
An Agrobacterium culture was started in 2 ml of YEP medium in a 28°C shaker at 
250 rpm for 8 hours. Two milliliters of the overnight culture then were added to 50 ml YEP 
medium in a 250-ml flask and shaken vigorously (250 rpm) at 28°C until OD^o reached the 
required (0.3 - 0.6). Fifty ml of the bacterial culture was centrifuged at 3500 rpm for 10 m in 
and resuspensed with 30 ml of liquid co-cultivation medium (CCM) containing 1/10 
Gamborg's B5 medium with 1.67 mg/L BA, 0.25 mg/L GA], 3% sucrose, and 200 
acetosvringone. The wounded expiants were inoculated by Agrobacterium suspension for 30 
min. The expiants then were transferred onto solid CCM containing 0.5% BBL Purified 
Agar (Cockeysville, MD, USA) in addition to the components of liquid CCM. Expiants were 
cocultivated with Agrobacterium on CCM at 18-hr photoperiod, 140 gmoles m"2 sec"' light 
intensity at 24°C for three days. 
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.WecfioM rgggweraffom 
After the inoculation, expiants were washed with the liquid shoot induction medium 
(SIM) and transferred onto solid SIM for selection for 4-week. SIM medium contains B5 
salts, vitamins, 3% sucrose, 3mM MES, 1.67 mg/L benzyl amino purine (BAP), 100 mg/L 
cefotaxime, 250 mg/L ticarcillin. and 4 mg/L glufosinate-ammonium Pestanal® (Sigma, St 
Louis, MO. USA), pH 5.7. Solid SIM contains an additional 0.8% Purified Agar. After 14 
days, expiants w ere subcultured into a new SIM medium after removal of the hypocotyls. 
After 4-week selection, cotyledons of expiants were excised. Expiants were 
transferred to shoot elongation medium (SEM). SEM medium contained MS salts 
(Murashige and Skoog, 1962), B5 vitamins, 3% sucrose, 3 mM MES, 50 mg/L asparagine, 
50 mg/L glutamine, 0.1 mg/L IAA, 0.5 mg/L GAj, 1 mg/L zeatin riboside, lOOmg/L 
cefotaxime, 250mg/L ticarcillin, and 2mg/L glufosinate-ammonium. pH 5.7. The expiants 
were subcultured to fresh medium every two weeks. Elongated shoots were transferred to 
rooting medium (RTM) after dipping in lmg/ml 3-indole-butyric acid (IBA) solution for 1 
min. RTM is a mixture of MS salts, B5 vitamins, 3 mM MES, and 2% sucrose. The rooted 
plants were transferred to soil. 
ama/ysfs of framgfgmf and sfaMe (7L# exyrgMWM 
T wo-weeks after the inoculation, expiants were sacrificed for assessing 
XgroAacferzwm infection rates using histochemical GUS assays (Jefferson, 1987). Briefly, 
expiants were sliced and incubated in 5-bromo-4-chloro-3-indolyl glucuronide (X-gluc) 
solution overnight at 37°0. Strained expiants then were washed with 70% ethanol. Numbers 
of GUS' bud/shoot and GUS sectors were recorded. GUS bud/shoot refers to the GUS 
stain located on the regenerating buds or shoots seen at the cotyledonary node region, while 
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GUS stains located on non-differentiatable tissues of the expiants, with no potential to 
regenerate, were defined as GUS^ sectors. GUS assays also were used to assess stable 
expression of the gus gene in regenerated shoot callus and leaf tissue of progenies of Ru 
transgenic plants. 
.Sowf&erm A/of 
Total genomic DNA was extracted from fresh leaf material by the CTAB method 
(Reichardt and Rogers. 1994). Then 10 pg of DNA were digested with Hindlll and separated 
by the mean of electrophoresis on a 0.8% agarose gel. Southern blots and hybridizations 
(Southern, 1975) using the bar gene cassettes as probes, were conducted to verify the 
putative transformants. 
screem om f&e jprogewtes of fromsgemic /p/gmf 
Progenies of putative transformant were painted with 200mg/L glufbsinate (Liberty®, 
Aventis, Strasbourg, France) to assess the segregation of bar gene. 
Results and Discussion 
of seed vigor o« reggwgrafio» rafg of cofyWomarx «o</gg 
Both dry (chlorine gas) and wet (20% commercial bleach with 1.05 % a.i. sodium 
hypochlorite) methods have been used for soybean seed surface sterilization (Di et al., 1996; 
Lu et al., 1994). Advantages of dry sterilization include low labor input and the convenience 
in storage of sterilized seeds. While the dry sterilization method is effective for most mature 
seeds produced from greenhouse and field, there are times when this method requires extra 
sterilization time to achieve complete decontamination. However, prolonged exposure of 
soybean seed to chlorine gas may cause adverse effects on seed quality that result in poor 
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germination and regeneration. Here, we conducted experiments to measure the effect of 
sterilization duration on soybean seed vigor and its correlation with plant regeneration. 
Jack seeds produced in the RTF field (1997) and Illinois Foundation Seed (1998) 
were measured for seed vigor. While a regular germination test conducted in favorable 
conditions determines the germinability of seeds, a seed vigor test carried out under stress 
condition provides information about how strong these seeds are (Delouche and Baskin, 
1973). In this experiment, the accelerated aging (AA) test was used to measure the vigor of 
soybean seeds after sterilization for 0, 12, 24, 36, and 48 hours with chlorine gas. The higher 
the seed vigor, the less damage will be caused by the AA treatment. Results showed that the 
PTF field seeds were more vigorous than the Illinois Foundation seeds tested. As can be 
seen from Figure 2, the seed vigor of PTF seed was near 95%, while the Foundation seed 
vigor was about 70% before sterilization. However, both batches of seeds had a 97% 
germination rate (data not shown). Seed sterilization using chlorine gas significantly reduced 
seed vigor of both batches and the longer the sterilization time, the lower the seed vigor. 
After 48 hr of sterilization, seed vigor in both batches of seed was reduced to less than 35%. 
An inverse correlation between seed vigor and sterilization time was detected in both seed 
samples (R^=0.98 and 0.97). 
Seeds sterilized for 12. 24. 36. and 48 hr were processed for cotyledonary node 
expiant transformation using vector pTF102 and regenerated. Regeneration rates [the 
number of expiants with shoots per 50 infected cotyledonary node expiants after 4 weeks of 
glufosinate selection (5 m g L-l)] were recorded. Negative correlations between regeneration 
rate of expiants and seed sterilization duration were detected in both batches of Jack seeds 
(Figure 3). Correlation coefficients (R) were 0.84 and 0.80 for PTF seeds and Illinois 
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Foundation seeds, respectively. Reduced seed vigor caused by chlorine gas sterilization was 
negatively correlated with the regenerability of explants (R=0.84). 
It has been reported that expiant source contributes to variation in regenerability in 
tissue culture in sunflower (Baker et al. 1999). Similarly, maize immature embryos from 
different environments had different tissue culture response for maize transformation (B.R. 
Frame, personal communication). Dependence on field-derived seed can be problematic due 
to increased contamination as compared to greenhouse-derived seed. In this study, mature 
field soybean seeds were sterilized by chlorine gas prior to expiant preparation and 
subsequent Agrobacterium infection. While a short duration (< 2 hours) of sterilization 
cannot completely decontaminate expiants, prolonged sterilization (>24 hours) may cause 
damage to expiants and consequently affect their regenerability (Maruyama et al. 1989). Our 
results demonstrate that regeneration from soybean cotyledonary node expiants was 
correlated with the seed vigor. Minimizing the duration of seed sterilization and using seeds 
with high vigor can increase the regenerability of the expiants and consequently increase the 
frequency of transformation. Our recommended sterilization duration is between 12-16 hr 
depending on the cleanliness of seeds. Field seeds with severe contamination that cannot be 
completely sterilized with 16hr chlorine gas treatment should be avoided to ensure a more 
efficient transformation system. 
of soy&eoM gemotes 
Using the cotyledonary node system. Zhang (1999) has achieved transgenic soybean 
plant in genotype Asgrow 3237. Because Asgrow 3237 is a private variety, using the 
material for transformation has legal restrictions. In the study, public soybean genotypes 
Peking (PI 438496), Willams 82 (PI 518671), and Jack (PI 540556) were evaluated for their 
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regenerability and susceptibility to Agrobacterium using Asgrow 3237 as the check. The 
regeneration rates and number of GUS" bud shoot and GUS* sectors on the slices of expiants 
at day 14 after Agrobacterium inoculation are presented in Table 1. Our results (Table 1 ) 
showed that Peking had the highest response in regeneration, whereas Williams 82 had the 
lowest regeneration rates, indicating Peking is a good candidate in the term of tissue culture 
response. GUS assay results showed that Peking and Asgrow 3237 had the most total GUS 
expiants, suggesting that both of the genotypes were susceptible to Agrobacterium infection. 
Jack had the highest counts on GUS bud/shoot also is a potential material for transformation. 
Our experiments concluded that Peking and Jack could be used for soybean transformation 
using Agrobacterium-mediated cotyledonary node system. 
of/dgroAacfermm* growf* /phases o» fAe fw/ècfzo» 
Our data showed that different growth phases of Agrobacterium stain EH A 105 can 
infect soybean cotyledonary nodes at different rates (Table 2). We used the percentage of 
GUS 'bud/shoot as indicator of the effectiveness of Agrobacterium infection. Results showed 
that Agrobacterium cells collected at OD65o = 0.3 and 0.6 resulted in the best infection (Table 
2). About 10% of the expiants infected by Agrobacterium cells collected from these two 
phases had GUS positive buds or shoots. Both old (OD6so = 0.9 and 1.2) and young 
Agrobacterium cultures (OD650 = 0.15) resulted in a low infection rate (Table 2). 
Mo/ecw/ar and /progewy aaa/yM? of fAe fraasgemc soy&eam /?/awf 
A transformation experiment using Peking as a recipient with optimized 
growing conditions (OD^o =0.6) and proper seed sterilization conditions was 
conducted. From a total of 50 expiants, one GUS positive shoot was recovered. Southern 
analysis confirmed the transgenic event had two copies of T-DNA (Figure 4). Leaf paint 
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assay using 200 mg/L of glufbsinate showed clear results of segregation in the progenies of 
the transgenic plants. Ten out of 11 progenies were herbicide resistant (Figure 5). GUS 
staining assay showed the same results, indicating that the gus gene cosegregated with the 
bar gene. The progeny segregation result suggested that the transgenes were inserted into 
soybean genome as either one (3:1) or two independent copies (15:1). Larger sample size is 
needed to confirm the transgene copy number or the number of the transgene loci. 
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Table 1. Regenerability and susceptibility to Agrobacterium of soybean genotypes 
Genotypes 
Total 
expiants 
Regeneration 
rate (%) 
Expiants 
scarified* 
# Gus+ 
bud/shoot 
Gus+ 
bud/shoot 
(%) 
# Gus+ 
expiants 
Gus+ 
explants 
(%) 
Asgrow 3237 227 63.9 43 1 2.3 25 58.1 
Jack 112 81.3 56 4 7.1 19 33.9 
Peking 72 98.6 44 2 4.6 23 52.2 
William 82 256 58.2 60 1 1.7 17 28.3 
*: Regenerated expiants were scarified after 4 weeks shoot induction 
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Table 2 Effect of growth phases of Agrobacterium EH AT 05 on 
the infection of soybean cotyledonary nodes 
UUS+ 
Total Explants # Gus+ bud/shoot 
OD650 expiants scarified* bud/shoot (%) 
0.15 30 10 1 3.3% 
0.3 30 10 3 10.0% 
0.6 77 48 7 9.1% 
0.9 117 91 6 5.1% 
1.2 70 65 5 7.1% 
*: Regenerated expiants were scarified after 4 weeks shoot 
induction 
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LB Tvsp 
—0 bar 
bar probe 
P35S" T35S P35S RB 
gus/nf 
A 
H3 
Figure 1. T-DNA fragment of binary vector pCAMBIA3301. LB, left border; RB. 
right border; bar, phospinothricin transferase gene; gus-int, (^-glucuronidase gene 
containing an intron; P35S, CaMV 35S promoter; T35S, CaMV 35S terminator: Tvsp, 
soybean vegetative storage protein terminator; H3, Hind III. 
48 
s Foundation seeds 
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Figure 2. Effect of seed sterilization time on seed vigor 
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Figure 3. Effect of seed sterilization time on the regeneration rate. 
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Figure 4. Southern blots hybridization of transgenic soybean obtained from 
Agrobacterium-mediated cotvledonary transformation using binary vector of 
pCAMBIA3301. MW, k DNA/Hind III molecular marker; Ctrl-, negative check 
(genomic DNA from non-transformed soybean plants); IX CK+ and 5X CK+, non-
transgenic soybean genomic DNA spiked with 63 pg and 315 pg digested plasmid 
DNA severed as positive checks of one and five copies of transgene, respectively. 
Figure 5. Leaf painting assay on the progenies of the Peking transgenic plant. 
200mg/L of glufosinate was painted on a young leave of soybean plant. 
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CHAPTER 3. IRREPRODUCIBILITY OF THE SOYBEAN POLLEN-TUBE 
PATHWAY TRANSFORMATION PROCEDURE 
A paper published in Plant Molecular Biology Reporter 2002,20:325-334 
Huixia Shou, Reid G. Palmer and Kan Wang 
Abstract 
The interest in developing tissue culture-independent genetic transformation methods for 
plants has been growing. The pollen-tube pathway transformation technique is one method; 
however, this method is controversial because it is difficult to duplicate and produces 
insufficient molecular evidence to confirm transformation. Our objective was to evaluate the 
robustness of the soybean [Glycine max (L.) M err.] pollen-tube pathway technique. 
Solutions of purified DNA constructs carrying a bar marker gene and a gus reporter gene or a 
gene of interest (npkl) were applied to severed styles of flowers 6-8 h after self-pollination. 
The experiment was repeated 3 summers in the field, in which 4 DNA constructs and 7 
soybean genotypes were tested. A total of 4793 progeny seeds were harvested from 5590 
individually treated soybean flowers. All seeds were germinated and screened for 
transformants with herbicide spray, histochemical GUS assay, and Southern blot analysis. 
Although 2% of progenies showed partial resistance to the herbicide, no positive plants were 
identified from GUS assay and Southern analysis. Our results indicate that soybean pollen-
tube pathway transformation is not reproducible. 
Introduction 
Numerous gene transfer methods have been developed in the past 2 decades for a wide range 
of plant species (Christou, 1995; Birch. 1997). Most of these methods are tissue culture 
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based, requiring regeneration of whole plants from transformed cells. The utility of the 
techniques greatly depends on the establishment of tissue culture procedures in the species 
(Birch, 1997). 
Developing tissue culture-independent genetic transformation systems is of great 
interest because such systems would avoid constraints imposed by genotype specificity in 
transformation and regeneration and eliminate tissue culture-induced genetic variation. In 
addition, transgenic plants would be produced inexpensively and rapidly. The 
Agrobacterium-mediated floral dipping method developed for the model plant Arabidopsis 
thaliana has greatly impacted biological research of that species (Bent, 2000 ). 
Pollen-tube pathway transformation—use of the pollen-tube pathway to deliver 
foreign DNA into embryo sacs—was first reported in cotton (Zhou et al., 1983). The 
technique has been used to introduce total exogenous genomic DNA or pi asm id DNA into 
other crops, including cotton (Ni et al., 1998; Zhou et al., 1983; 1988), rice (Duan and Chen, 
1985; Luo and Wu, 1989), soybean (Lei et al., 1994; 1995; Liu et al., 1992; 1997; Zhao et al., 
1995), wheat (Yu et al., 1999; Zhen et al., 1998), and watermelon (Chen et al., 1998). Most 
initial reports used total genomic DNA for transformation. In these studies, treated plants 
were monitored and compared to untreated controls for variations in plant morphology, 
fertility, pest resistance, seed composition, and peroxidase isozyme expression patterns (Lei 
et al., 1994; 1995; Liu et al., 1992; 1997; Zhao et al., 1995). One study showed RAPD 
(Random Amplified Polymorphic DNA) analysis of treated soybean plants and suggested 
that the observed variation of treated plants was correlated with the introduction and 
integration of the donor DNA from wild soybean via the pollen-tube pathway transformation 
(Lei et al., 1994). Results from various molecular analyses, including PGR, slot-blot, PGR-
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Southern, and Southern blot, have been reported for the introduction of plasmid DNA-
carrying marker genes using the pollen-tube pathway technique (Chen et al., 1998; Luo and 
Wu, 1989; Ni et al., 1998; Yu et al.. 1999; Zhen et al., 1998). While some information was 
encouraging, the overall quality of the data was weak. Most results did not demonstrate 
integration of the transgene into the plant genome by using proper restriction enzyme 
digestions and Southern blot hybridization, which is considered a standard criterion for 
confirming the transgenic nature (Potrykus, 1990). In addition, no substantial progeny 
analysis data were presented to support claims of high efficiency. 
Because of the lack of efficient regeneration and transformation procedures, soybean 
remains a recalcitrant crop for genetic transformation (Widholm, 1999). Therefore, the 
successful use of the pollen-tube pathw ay transformation technique in soybean should have 
many advantages. A number of studies have reported that exogenous DNA can be introduced 
into soybean via pollen-tube pathway transformation (Hu and Wang, 1999; Lei et al., 1994; 
1995; Liu et al., 1992; 1997; Zhao et al., 1995). In addition, herbicide-tolerant and aphid-
resistant soybean lines were obtained by introducing plasmid DNA carrying the and gna 
(Galanthus nivalis agglutinin) genes via this technique (DP Liu, personal communication, 
2001). Over the past three years, we duplicated the pollen-tube pathway transformation 
technique using published protocols (Liu et al., 1992). Our objective was to evaluate the 
robustness of the technique in US soybean cultivars. 
Materials and Methods 
f/anf Maferwz/s 
Pollen-tube pathway transformation experiments were conducted with the following soybean 
genotypes: cv. Minsoy (PI 27890), A99-22 (Genetic Type Collection number T219H, 7/,}"/,), 
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and cv. Latham 640 (private variety) in 1999; A99-22, cv. Verde (PI 548624). and cv. 
Ham so y (PI 548573) in 2000; and Harosoy, Heilong 35. and cv. Williams 82 (PI 547890) in 
2001. Heilong 35 is a Chinese cultivar, kindly provided by Dr. LZ Wang of the Chinese 
Academy of Agricultural Sciences. 
Soybean seeds were planted in the field at the Bruner Farm near Ames, which has a 
Clarion-Nicollet loam soil type (fine-loamv, mixed superactive, mesic Tvpic Hapludoll and 
fine-loamy, mixed, superactive, mesic Aquic Hapludoll). 
Plasmid DNA from pCAMBIA3301 (Figure IC, GAMBIA, CSIRO, Canberra, Australia, Liz 
Deaves. personal communication, 1996), pTF 102 (Figure 1 A, Frame et al., 2002) pSHX004, 
or pSHX007 (Figures IB and ID) was used as a DNA donor. The constructs 
pCAMBIA3301, pTF102, and pSHX004 have been successfully transformed into soybean in 
our lab using the Agrobacterium-mediated cotyledonary node protocol (Zhang et al., 1999). 
All four constructs carry the gene, driven by a CaMV 35S promoter (Nagy et al., 1985), 
as a selectable marker conferring resistance to glufosinate. Constructs pCAMBIA3301, 
pTF102, and pSHX007 also carried the gus reporter gene driven by the CaMV 35S promoter. 
Construct pSHX007, with the same vector background as pCAMBIA3301, contained an 
additional 1.8 kb wheat 18S ribosomal RNA gene (Gerlach and Bedbrook, 1979). Construct 
pSHX004 had the same vector background as pTF102, but the gwj gene was replaced by a 
0.8 kb Nicotiana protein kinase gene (Kovtun et al.. 2000). 
Plasmid DNA was purified using the QIAGEN Plasmid Mixprcp kit (QIAGEN Inc.. 
Valencia, CA, USA). DNA solutions were adjusted to their final concentrations in double 
distilled water prior to use. 
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Soybean pollen-tube pathway transformation was conducted according to the procedures 
described by Liu et al. (1992). All experiments were carried out in the late afternoon on 
flowers that had been self-pollinated naturally that morning. Two wing petals and one keel 
petal were removed to expose the stigmas of soybean flowers. Stigmas were severed at the 
boundary between the ovary and stigma, and 10 pL of the plasmid DNA (concentrations of 
25, 80, 100, or 150 ug'mL) were applied to the exposed stigma. The DNA solution was 
retained by the banner petal and calyx. Treated flowers were identified by tagging, and 
untreated flowers and buds at the same node were removed. The pods developed from the 
treated flowers were harvested individually. Seeds from untreated plants were harvested as 
negative controls. 
Progeny Tesfs 
Seeds harvested from treated flowers were germinated in soil (Universal Mix, Hummert, St. 
Louis. USA) in the greenhouse. G1 ufosinate-resistant transgenic soybean seeds derived from 
the cotyledonary transformation procedure (H. Shou, unpublished results, 2000) served as 
positive controls. Seeds from untreated flowers served as negative controls. Seedlings were 
sprayed with 100 mg/L glufbsinate (Liberty®, Aventis, Strasbourg, France) 2 wk after 
germination. Herbicide-susceptible seedlings were discarded 1 wk after spraying,. Herbicide-
resistant or partially resistant seedlings were kept for further histochemical GUS and 
Southern blot analyses. 
Gws /Way .SoM/Aern anafys/s 
The histochemical GUS assay (Jefferson et al., 1987) was used to screen for reporter gene 
expression in the herbicide-resistant or partially resistant seedlings derived from plants 
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treated with constructs pCAMBIA3301, pTF102, and pSHX007. Total genomic DNA was 
extracted from fresh leaf material by the CTAB method (Reichardt and Rogers, 1994). Then 
10 pg of DNA were digested with and separated by means of electrophoresis on a 
0.8% agarose gel. Southern blots and hybridizations (Southern, 1975) using the bar gene 
cassettes as probes were conducted to veri fv the putative transformants. 
Results 
jfafe of vPo/fern-TwAe fafAway 
From 1999 to 2001, we performed pollen-tube pathway transformations on seven soybean 
genotypes, using four plasmid DNAs with four different DNA concentrations (Table 1). A 
total of 5.590 flowers were treated and 2,400 pods were harvested with a success rate of 
49.7%. The podding rate varied among years and genotypes and ranged from 21.1% to 
77.3%. The choice of cultivars during the first two years was based on the availability of the 
plants in the field during the time of treatment. Researchers conducting the experiments were 
well-trained in soybean hybridization, so flower abortion rates due to poor handling skills 
were minimized. Cultivar Verde showed a consistently low podding rate across three 
different DNA treatments in 2000. Cultivar Heilong 35 was included in the study in 2001, as 
it had previously been shown to be successfully transformed by the pollen-tube pathway 
method (Lei et al., 1995). 
Pollen tubes should arrive at the ovule approximately 6-8 h following self-pollination, 
thereby initiating fertilization (Carlson and Lersten, 1987). We chose flowers at this stage 
and applied the DNA solutions after the removal of the stigma. About 70% of the treated 
pods lost the sharp apical part of the pod and became blunt compared to the untreated ones 
(Figure 2 ). The blunt tip pod is an important indicator that an appropriate amount of stigma 
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was removed. Excessive stigma removal causes flower abortion, while insufficient stigma 
removal does not sufficiently expose the pollen-tube pathway for DNA delivery (DP Liu. 
personal communication, 2001). 
All 4,793 seeds harvested from the pollen tube pathway experiments were screened by 
herbicide spray. None of the seedlings showed complete resistance to the herbicide as did the 
positive control (Figure 3). Considering that the expression level of the bar gene may vary 
from event to event, we categorized the herbicide effects on seedlings into two groups: 
susceptible and partially resistant (Figure 3). About 2.1%, a total of 101 seedlings, were 
partially resistant (Table 1) and further analyzed. 
(PL# /Way jfesw&s 
All 101 seedlings that showed partial resistance to herbicide were further analyzed by both 
histochemical GUS assay and Southern blot analysis. As illustrated in Figure 4. the partially 
resistant plants (Panel B, PT1 to PT6) obtained from the experiments did not have the 
integration of the bar gene, whereas the plants derived from the cotyledonary transformation 
procedure contained two or three copies of the transgene (Panel A, TCT1 to TCT3). GUS 
assay also showed negative results, indicating that no transgene incorporation occurred in 
these plants. 
Discussion 
We were unable to reproduce the pollen-tube pathway transformation technique for 
delivering plasmid DNA into soybean plants using the published protocol (Liu et al., 1992). 
Moore et al. (1996) also reported failure to achieve transgenic soybean and cotton plants 
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using a similar approach. In their experiment, all 50 soybean and 226 cotton seeds harvested 
from treated flowers tested negative after herbicide screening. 
To date, the pollen-tube pathway method has been reported to successfully deliver 
both total genomic and plasmid DNA into plants (Luo and Wu, 1989; Ni et al., 1998; Yu et 
al., 1999; Zhen et al., 1998). The delivery of exogenous genomic DNA via this technique in 
soybean has also been reported (Hu and Wang, 1999; Lei et al., 1994, 1995; Liu et al., 1992, 
1997; Zhao et al., 1995). although molecular evidence to confirm transformation has been 
limited. Transformation efficiency reported in these labs was estimated at 0.5%-3% with 
either genomic or plasmid DNA (DP Liu, personal communication, 2001). During the second 
and third years of our experiments, we were able to obtain technical advice and assistance 
from Dr. DP Liu, who developed the technique for soybean and reported success in 
delivering genomic DNA into soybean (Liu et al., 1992; 1997). In addition, in our third year 
field experiment, we used Heilong 35, a cultivar reported to be a successful recipient parent 
(Lei et al., 1995). Nevertheless, we did not obtain any transgenic soybean plants in any 
cultivar tested. We conclude that the pollen-tube pathway transformation technique is not 
reproducible in soybean. 
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Table 1. Summarv of oollen-tube nathwav transformation exneriments in sovbean 
Experiment Recipient 
parent 
Donor DNA DNA 
concentration 
(ug/ml) 
No. treated 
flowers 
No. pod set No. seed set % success 
rate of pod 
set 
No. partial 
resistant 
seedlings 
1998 A99-22 PCAMBIA3301 25 326 248 595 76.07 8 
A99-22 pTF102 150 144 84 149 58.33 3 
Latham 640 pCAMBIA3301 25 403 280 625 69.48 9 
Minsoy pCAMBIA3301 25 93 51 106 54.84 2 
2000 A99-22 PCAMBIA3301 80 154 82 121 53.25 3 
Harosoy pCAMBIA3301 100 251 137 259 54.58 6 
Harosoy pTF102 100 274 116 243 42.34 6 
Verde pCAMBIA3301 80 681 165 228 24.23 5 
Verde pSHX004 80 577 122 141 21.14 2 
Verde pTF102 80 514 126 185 24.51 3 
2001 Harosoy pSHX004 100 177 67 150 37.85 4. 
Harosoy pSHX007 100 110 57 119 51.82 5 
Heilong 35 pCAMBIA3301 100 227 150 315 66.08 7 
Heilong 35 pSHXOO? 100 42 28 33 66.67 3 
Heilong 35 pTF102 100 44 34 75 77.27 3 
Williams 82 PCAMBIA3301 100 281 137 315 48.75 8 
Williams 82 pSHX004 100 359 120 254 33.43 6 
Williams 82 PSHX007 100 413 153 355 37.05 7 
Williams 82 pTF102 100 520 243 525 46.73 I I 
Total 5590 2400 4793 101 
Average 49.71 2.11% 
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Figure 1. DNA constructs for soybean pollen tube pathway transformation. (A) 
pTF102; (B) pSHX004; (C) pCAMBIA3301; (D) pSHX007. LB, left border; RB, 
right border; bar, phospinothricin transferase gene; gus-int, P-glucuronidase gene 
containing an intron; npkl, Nicotiana protein kinase gene; P35S, CaMV 35S 
promoter; P35S*, enhanced 2x 35S promoter; P35**, a modified 35S promoter 
(35SC4PPDK): T35S. CaMV 35S terminator; Tnos. nopaline synthase terminator; 
Tvsp. soybean vegetative storage protein terminator: H3, Hindlll. 
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Control Treated 
Figure 2. Appearance of the pods harvested after treated for pollen tube 
transformation. The arrow indicates the round apical part in pod derived from flower 
with stigma removed. Pods of the "Control" developed from non-treated flowers; 
Pods of "Treated" obtained from the flowered that were operated. 
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Figure 3. Appearance of herbicide-sprayed soybean progeny plants. Susceptibility of 
soybean progenies to 100 mg/L glufbsinate sprayed on two-week old seedlings. The 
resistant seedlings were the transgenic plants obtained from Agrobacterium-mediated 
cotyledonary node protocol, serving as positive control. The progenies derived from 
pollen tube transformation were categorized into susceptible and partial resistant 
according to the symptoms of the herbicide effects. 
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Figure 4. Southern blots hybridization of soybean genomic DNA. Soybean plants 
obtained from Agrobacterium-mediated cotyledonary transformation (A), and pollen-
tube transformation procedure (B). TCI, TC2 and TC3 were the DNA of independent 
transformants obtained from Agrobacterium-mediated cotyledonary transformation 
with binary vector of pCAMBIA3301, pTF102 and pSHX004, respectively. PT1, 
PT2, PT3. PT4, PT5, and PT6 were the DNA of the herbicide partial resistant soybean 
plants from pollen-tube transformation procedure. MW, 1 DNA/Hind III molecular 
marker; Ctrl-, negative check (genomic DNA from non-transformed soybean plants); 
IX CK+ and 5X CK+, non-transgenic soybean genomic DNA spiked with 63 pg and 
315 pg digested pTF102 plasmid DNA severed as positive checks of one and five 
copies of transgene, respectively. 
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CHAPTER 4. AGROBACTERIUM -MEDIATED TRANSFORMATION OF MAIZE 
EMBRYOS USING A STANDARD BINARY VECTOR SYSTEM 
A paper published in Plant Physiology 2002,129:13-22 
Bronwyn Frame, Huixia Shou, Rachel Chikwamba, Zhanyuan Zhang, Chengbin Xiang, Tina 
Fonger, Sue Ellen Pegg, Baochun Li, Dan Nettleton, Deiqin Pei, Kan Wang 
Abstract 
We have achieved routine transformation of maize (Zea mays L.) using an 
Agrobacterium tumefaciens standard binary (non-super binary) vector system. Immature 
zygotic embryos of the hybrid line Hi II were infected with Agrobacterium strain EHA101 
harboring a standard binary vector and co-cultivated in the presence of 400 mg L"1 L-
cysteine. Inclusion of L-cysteine in co-cultivation medium lead to an improvement in 
transient GUS expression observed in targeted cells and a significant increase in stable 
transformation efficiency, but was associated with a decrease in embryo response after co-
cultivation. The average stable transformation efficiency (number of bialaphos resistant 
events recovered per 100 embryos infected) of the present protocol was 5.5%. Southern blot 
and progeny analyses confirmed the integration, expression, and inheritance of the 6ar and 
transgenes in R@, R, and Rz generations of transgenic events. To our knowledge, this 
represents the first report in which fertile, stable transgenic maize has been routinely 
produced using an Agrobacterium standard binary vector system. 
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Introduction 
Since fertile transgenic maize (Zea maya L.) was first produced using the biolistic gun 
(Gordon-Kamm et al., 1990), maize transformation technology has served as an important 
tool in the development of genetically improved commercial hybrids and in research 
addressing fundamental biological questions through the study of transgenic maize 
(Armstrong, 1999). Recent reports have demonstrated that /dgrobzcfenwfM fM/Me/ânen.?-
mediated maize transformation may offer a better alternative than the biolistic gun for 
delivery of transgenes to maize. This gene delivery system results in a greater proportion of 
stable, low copy number transgenic events than does the biolistic gun (Ishida et al., 1996; 
Zhao et al., 1998), offers the possibility of transferring larger DNA segments into recipient 
cells (Komari and Kubo. 1999), and is highly efficient (Ishida et al., 1996; Zhao et al.. 1998). 
Reproducible protocols for Agrobacterium-mediated maize transformation have used super 
binary vectors, in which the A. tumefaciens strain carries extra copies of vir B, C and G 
(Komari et al., 1990), to infect immature zygotic embryos of the inbred line A188 (Ishida et 
al., 1996; Negrotto et al., 2000) or the hybrid line Hi II (Zhao et al., 1998 and 1999). We 
have successfully transformed Hi II immature zygotic embryos at an average efficiency of 
5.8% using the Agrobacterium super binary vector in strain LB A4404 (B. Frame, 
unpublished). Because the cost of licensing this proprietary technology for use on a broader 
scale was prohibitive to our public sector laboratory, we focused instead on implementing an 
Agrobacterium standard binary (non-super binary) vector system to transform maize Hi II 
immature zygotic embryos. Stable transformation of maize using a standard binary vector to 
infect shoot meristcms was previously reported (Gould et al., 1991 ) but adoption of this 
method was hindered by its lack of robustness. Development of a reproducible and efficient 
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method for transforming maize using a standard binary vector would not only provide 
researchers with the benefits already outlined, it would also facilitate vector construction 
when compared to the super binary vector. Final assembly of a super binary vector system 
involves co-integration of the gene of interest (GOI) into a large plasmid (pSBl) in 
Agrobacterium strain LBA4404 via homologous recombination (Ishida et al., 1996). 
Assembly of a standard binary vector does not require this additional step making it a more 
efficient way to confirm the introduction of a gene of interest into an Agrobacterium strain. 
Using a protocol modified from Zhao et al. (1999), we infected Hi II immature 
zygotic embryos with a standard binary vector system containing a P35S-bar selectable 
marker gene cassette (phosphinothricin acetyltransferase gene driven by the CaMV 35S 
promoter) and a P35S-gz/j-int reporter gene cassette (P-glucuronidase gene with an intron 
driven by the 35S promoter) in strain EHA101 (Hood et al., 1986). Results 
from these initial experiments showed that the gwa marker gene was preferentially expressed 
(in transient histochemical assays) in cells at the apical end and on the embryo axis side of 
infected embryos. In contrast, cells in the basal scutellum region, which were targeted for 
transformation because of their ability to produce embryogenic callus, showed limited to no 
expression. Lupotto et al. ( 1999 ) reported similar patterns of transient gus gene expression in 
inbred maize embryos infected with conventional binary vectors. Lack of T-
DNA delivery to embryogenic-competent scutellum cells and correspondingly low rates of 
stable event recovery in these experiments led us to consider ways of promoting a more 
compatible interaction between the Agrobacterium standard binary vector system and the 
targeted scutellum cells from which proliferating, embryogenic callus emerges after co-
cultivation. 
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In an incompatible host-pathogen interaction, pathogen invasion can be halted by 
localized plant cell death at the infection site. This resistance mechanism, or hypersensitive 
response, is mediated by an oxidative burst in which a rapid and transient production of large 
amounts of reactive oxygen species occur (Wojtaszek, 1997). Anti-oxidants used during 
expiant germination, preculture, and infection (Enriquez-Obregon et al., 1999) or during and 
after co-cultivation (Perl et al., 1996) were reported to favor stable transgenic event recovery 
in /fgro6acfer(w/M-mediated Japonica rice (Oryza aafzva L cv #32/) and grape ( Kzfis Wmz/gra 
L.) transformation experiments, respectively. Olhoft et al. (2001) measured an increase in 
the frequency of T-DNA delivery (histochemical GUS assays) to targeted cotyledonary node 
expiants of Agrobacterium infected soybean [Glycine max (L.) Merrill] co-cultivated on 400 
mg L"1 of the anti-oxidant L-cysteine. More importantly, this increase in transient gus gene 
expression observed five days after infection was correlated with a two-fold increase in the 
rate of stable event recovery (independent, fertile transgenic soybean plants). The authors 
concluded that the increase in host-pathogen compatibility mediated by the presence of anti-
oxidants during transformation moderated the detrimental effect of the hypersensitive 
response which in turn lead to an increase in the survival rate of v4gro6acfer;wm-infected cells 
and a corresponding rise in stable transformation efficiency. 
Maize callus cells infected with Agrobacterium were described as undergoing a rapid, 
hvper-sensitive type of cell death in a study characterizing Agrobacterium-induced apoptosis 
in maize (Hanson, 2000). Use of anti-oxidants to moderate the wm-maize 
interaction has not been reported. We supplemented co-cultivation medium with 400 mg L"' 
cysteine, carried out infection of Hi II immature zygotic embryos with the standard binary 
vector system, and measured the effect of this anti-oxidant treatment on three transformation 
73 
criteria. Firstly, analysis of transient GUS expression in infected embryos was performed to 
monitor T-DNA delivery to the targeted cells (number and distribution of blue foci). 
Because recovery of cells targeted for transformation is critical to achieving stable transgenic 
events, we also assessed the proportion of embiyos that gave rise to embryogenic Type II 
callus after co-cultivation. Finally, stable transformation efficiency (the number of bialaphos 
resistant transgenic events per 100 embryos infected) was measured for cysteine 
concentrations ranging from 100-400 mg L"1. 
Stable transformation efficiency was significantly increased upon addition of L-
cysteine to co-cultivation medium. Using the protocol described, we have achieved routine 
production of fertile transgenic maize at an efficiency of 5.5%. To our knowledge, this 
marks the first report in which a reproducible method for maize transformation using an 
Agrobacterium standard binary vector system has been demonstrated. 
Results 
Transient GUS expression 
Immature zygotic embryos infected with strain EHA101 harboring the 
standard binary vector pTF 102 (Figure 1) were co-cultivated as described in Materials and 
Methods. Control embryos were co-cultivated on medium without cysteine to compare the 
amount and distribution of T-DNA delivery to targeted cells co-cultivated in the presence or 
absence of 400 mg L"' cysteine. Histochemical GUS analysis was carried out on 10-20% of 
embryos from each treatment in 13 independent experiments. Level of transient GUS 
expression (number of blue foci per embryo) was determined as described in Materials and 
Methods. Results are graphically presented in Figure 2A. A high proportion (50%) of 
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embryos co-cultivated on 400 mg L"' cysteine were moderate to high GUS expressers 
compared to those co-cultivated in the absence of cysteine (12%). Less than 20% of embryos 
co-cultivated on 400 mg L"' cysteine were categorized as non-expressers while the majority 
(55%) of non-cysteine treated embryos showed no blue foci on the upper (scutellum) side of 
the embryo. 
Of particular significance was the change in distribution of blue foci on embryos co-
cultivated in the presence of cysteine. On embryos co-cultivated in the absence of cysteine, 
blue foci were generally localized to the embryo axis side and apical end of the embryo 
(Figure 3a). Expression was rarely observed in the basal scutellum region of the embryo 
that, as the site of callus initiation on the immature zygotic embryo expiant, was targeted for 
transformation. In contrast, in embryos co-cultivated on 400 mg L"1 cysteine, transient GUS 
expression was consistently observed not only at the apical end of the embryo but also along 
the margins and in the targeted cells at the base of the scutellum (Figure 3b). 
Post co-cultivation embryo response 
To assess the effect of 400 mg L"1 cysteine in co-cultivation medium on recovery of 
targeted cells, embryos were infected and co-cultivated as described, and then transferred to 
resting medium for four to seven days after which they were assessed for Type II callus 
initiation. Although inclusion of 400 mg L"1 cysteine in co-cultivation had a positive impact 
on transient GUS expression in embryos, it reduced the proportion of embryos giving rise to 
embryogenic Type H callus on resting medium. Average embryo response (number of 
embryos giving rise to embryogenic callus per 100 embryos treated) for /fgroAacfenwrn-
in fee ted embryos co-cultivated on 400 mg L"'cysteine was 64% compared to 89% for those 
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co-cultivated in the absence of cysteine (Figure 2B). Non-infected embryos cultured on co-
cultivation medium containing 400 mg L"1 also responded poorly (52%) compared to non-
infected embryos incubated on co-cultivation medium without cysteine (96%, Figure 2B). 
Stable transformation efficiency 
To test the effect of cysteine in co-cultivation medium on stable transformation, 
embryos infected with pTF102 were co-cultivated for three days on media supplemented 
with 400 mg L"1 cysteine (Figure 3c) and then transferred to resting and selection media as 
described in Materials and Methods. Beginning five weeks after infection, bialaphos 
resistant callus events were identified by their sustained embryogenic growth on medium 
containing 3 mg L"1 bialaphos (Figure 3d, 3e) and were histochemicallv analyzed for stable 
expression of the gus gene (Figure 3f). 
Results from 15 independent experiments are summarized in Table I. Stable 
transformation efficiency (number of bialaphos resistant events recovered per 100 embryos 
infected) in these experiments averaged 5.5% and ranged between 1.1 to 22.2%. All but 
experiment 12/08/00 produced transgenic events, emphasizing the reproducibility of this 
method. Seventy-eight percent of bialaphos resistant events also expressed the gene. Of 
the 51 callus events for which regeneration was attempted, all but one regenerated to plants 
(Table I). 
Co-cultivation on medium containing 400 mg L"' cysteine significantly increased 
stable event recovery compared to the control treatment in which no cysteine was added to 
the co-cultivation medium. In eight separate experiments, infected embryos were co-
cultivated at 23°C on medium containing either 0 or 400 mg L"! cysteine (Table II). The 
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average percent stable transformation efficiency for embryos co-cultivated on 400 mg L 1 
cysteine was higher (5.3%) than that for embryos co-cultivated on 0 mg L"' cysteine medium 
(0.2%). This difference was statistically significant (p-value<0.001). In addition, reducing 
co-cultivation temperature from 23°C to 20°C did not alter the favorable effect of the cysteine 
co-cultivation treatment on stable event recovery. While the average transformation 
efficiency at 20°C (6.2%) was somewhat higher than at 23°C (5.3%) in embryos co-
cultivated on 400 mg L"1 cysteine, few to no stable events were recovered at either co-
cultivation temperature when embryos were co-cultivated in the absence of cysteine (Table 
II). 
To test whether cysteine concentrations lower than 400 in g L"' in co-cultivation 
medium would lead to higher stable transformation rates, embryos infected with pTF 102 
were co-cultivated on medium containing 0, 100, 200, 300 or 400 mg L"' cysteine. The 
highest rate of stable event recovery in these experiments was achieved from embryos co-
cultivated on medium containing 100 mg L"' cysteine (4.8%). Stable transformation 
efficiency for the 400 mg L"' cysteine treatment was 3.3%, and for the non-cysteine control 
was 0.0% (Table III). The proportion of embryos responding after co-cultivation decreased 
as cysteine concentration increased. In contrast, transient GUS expression levels increased as 
cysteine concentration increased, and showed a gradual shift from the embryo axis side and 
apical end of embryos (0 mg L"' cysteine) to the scutellar margins of embryos (100 and 200 
mg L"' cysteine), to expression in all regions of the scutellar side of embryos, including the 
embryogenic competent basal scutellar cells at cysteine levels of 300 and 400 mg L"' (data 
not shown). 
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Plant regeneration and fertility 
Bialaphos resistant callus events were regenerated on medium containing 3 mg/L 
bialaphos as described in Materials and Methods. To date, over 60 pTF102-derived 
transgenic events have been regenerated to plants and are growing in the green house (Figure 
3g). Seed harvested from outcrosses of 97 plants representing 37 of these events averaged 51 
kernels per ear (transgenic plant as female, Figure 3h) and 60 kernels per ear (transgenic 
plant as male), indicating that these events are fertile. Thirty-five of these events were 
recovered from cysteine containing co-cultivation medium while the remaining two derive 
from the non-cysteine co-cultivation treatment. 
Analysis of stable events 
Histochemical GUS assays were carried out on all bialaphos resistant callus events to 
determine whether those expressing the gene also expressed the gwj reporter gene. Of 65 
events analyzed, 51 (or 78%) were GUS positive (Table I). Because the gws gene in this 
construct contains an intron, blue staining was indicative of plant rather than Agrobacteirum 
expression of the transgene. Positive or negative GUS expression in leaf tissue correlated 
with callus expression of the reporter gene in all events. 
Southern blot analysis was carried out to assess stable integration of the &zr and gwa 
transgenes in the Ro, R, or R2 generations of numerous independent pTF 102 events. Total 
genomic DNA was extracted from leaf tissue, digested with the restriction enzyme #znd III, 
and DNA blots prepared and hybridized with the gus or bar probes. As illustrated in Figure 
1, Hind 111 restriction digestion of genomic DNA derived from pTF 102 transgenic material 
would not only liberate a 3 kb fragment containing the gus gene cassette but would also yield 
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various band sizes (> 2.5 kb) that hybridize to the bar probe. The number of bands 
hybridizing with the bar probe would, in turn, reflect the different sites of transgene 
integration and represent an estimate of transgene copy number in the maize genome. 
Samples of genomic DNA from 34 independent events were hybridized with the 
probe. Thirty-one of these events (91%) showed the expected 3 kb drop-out band, suggesting 
the intactness of the gus gene cassette in the maize genome. A subset of 20 events are shown 
in Figure 4A. Some events contain multiple gus-hybridizing bands in addition to the 
predicted 3 kb drop-out (Events 1, 13, 16, 40, 46 and 48. Figure 4A). The 3 kb gus-
hvbridizing band is visible in all but Events 2, 6 and 23. Hybridizing bands bigger or smaller 
than 3 kb in these three events suggest that the gus gene cassette was rearranged ( Figure 4A) 
and may account for the lack of GUS expression in callus or plants of Events 6 and 23 (Table 
IV). However, Event 2 also carries a rearranged copy of the git; gene (Figure 4A) but does 
express GUS in callus and plants. Conversely, Event 4 shows the expected 3 kb band (Figure 
4A) but does not express the gus gene in either callus or plants. 
Duplicate DNA blots of 27 events hybridized with the gus probe were also hybridized 
with the bar probe and results for 20 of these events are shown in Figure 4B. Ninety-two 
percent of the events analyzed had various hybridizing bands larger than 2.5 kb, confirming 
the presence of the gene cassette and the T-DNA left border region in the maize genome. 
Events 2 and 23 contained a small ôar-hybridizing band (< 2.5 kb), suggesting that some 
gene rearrangement or truncation occurred between the gus and the bar genes in these events. 
In our analyses to date, 90% of events have shown three or fewer hybridizing bands and no 
event has yielded more than five bands when hybridized with the bar probe. 
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Progeny screening of R, and R] generation seedlings was carried out on a subset of 
transgenic events to assess whether the gus and bar transgenes were inherited in a normal 
Mendelian fashion. Seed for these tests was derived from female transgenic plants that had 
been pollinated (out-crossed) with non-transgenic pollen. As such, the expected segregation 
ratio for inheritance of the transgene as a single locus was 1:1. Leaf samples from progeny 
plants of 17 independent events were assayed for histochemical GUS expression (Figure 3i) 
and pi ant lets were then sprayed with glufosinate to test for expression of the bar gene (Figure 
3j). Three events (Events 4, 6 and 23) did not express the gus gene in callus (data not shown) 
or progeny plants (Table IV). For the majority of GUS expressing events (11 of 14 events 
tested) the observed segregation ratio for the gene was as expected. Likewise, 
segregation ratios for bar gene expression confirmed normal Mendelian inheritance of the 
transgene in 14 of 17 events (Table IV). While Events 16 and 45 showed abnormal 
segregation for both transgenes, Event 4B showed a 3:1 segregation ratio for the gwa and 6ar 
genes suggesting that each of the transgenes is segregating at two rather than one loci in this 
event. 
Rz generation progeny plants of Events 1 through 5 were also screened for expression 
of the gws and transgenes. Expected segregation ratios for both transgenes were 
observed except for Event 1 (gwj gene) and Event 2 (6ar gene, Table IV). 
Although Southern blots of Events 2 and 23 indicate some rearrangement and 
truncation in the bar gene of these events, both segregated normally for 6ar gene expression 
in the R, generation. However segregation of R; progeny in Event 2 was abnormal (Table 
IV). Detailed sequence analysis will be required to determine the molecular nature of these 
events. 
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Discussion 
We have produced numerous transgenic events from Hi II immature zygotic embryos 
transformed using an Agrobacterium standard binary vector system. Southern blot analyses 
confirm integration of the transgenes in the maize genome. Transgenic plants from these 
experiments are fertile and we have observed normal inheritance and stable expression of the 
bar and gus transgenes in R, and Ri progeny in the majority of events. In this study we have 
demonstrated the reproducibility of this method using the pTF102 vector system. In separate 
studies, we have also used this protocol to introduce a number of other genes of interest into 
maize using the same vector backbone (B. Frame, unpublished). 
In all pTF 102 events analyzed, estimated transgene copy number ranged from one to 
five copies per genome. A similar range in copy number estimate was reported by Zhao et 
al., (1998) in transgenic events derived from super binary vector 
transformation of maize Hi II immature zygotic embryos. In contrast, copy number estimates 
for biolistic gun-derived transgenic events of maize can range as high as 20 (H. Shou and R. 
Chikwamba. unpublished results). 
The level of stable transformation achieved in this study is attributed to 
supplementation of co-cultivation medium with 400 mg L"' cysteine. This anti-oxidant 
treatment also increased T-DNA delivery to embryogenic-competent scutellum cells of 
infected embryos. A similar increase in transient gus gene expression, followed by an 
increase in stable transformation efficiency was reported in soybean cotyledonary-node 
expiants infected with Agrobacterium and co-cultivated on medium supplemented with 
cysteine (Olholt et al., 2001). Komari and Kubo ( 1999) suggested that the main hurdle in 
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Agrobacterium-mediated maize transformation may not be the infection step but may be the 
recovery of cells that have integrated the T-DNA into their chromosomes. Cysteine in co-
cultivation medium may be acting to minimize cell death caused by the hypersensitive 
response of maize scutellum cells to Agrobacterium infection. This would favor post­
infection survival of embryogenic-competent cells, thereby increasing stable transformation 
efficiency. Notably, we have observed a strong interaction between the cysteine co-
cultivation treatment described in this study and treatments aimed instead at increasing 
Agrobacterium virulence prior to infection. For example, in separate comparisons, reducing 
the three-day incubation temperature for Agrobacterium cultures from 28°C to 19°C, and 
pre-inducing Agrobacterium in plant infection medium supplemented with acetosyringone 
(AS) both lead to an increase in stable transformation, but only if infected embryos were 
subsequently co-cultivated on 400 m g L"1 cysteine (B. Frame, unpublished). 
Contrary to our expectation, the increase in stable transformation efficiency observed 
with the 400 mg L"1 cysteine treatment was associated with a decrease in the proportion of 
embryos giving rise to embryogenic callus compared to the 0 mg L"1 cysteine treatment. We 
know that this reduction in embryo response is not related to the plant-pathogen interaction 
per se because non-infected embryos also exhibited reduced response on 400 mg L"1 
cysteine. It is likely that cysteine concentrations as high as 400 mg L"' are toxic to maize 
cells. A similar negative impact of 80 mg L"' cysteine on embryogenesis in Japonica rice 
expiants was reported by Enriquez-Obregon et al. (1999). We have achieved relatively high 
stable transformation rates using cysteine concentrations as low as 100 mg L"1, and this 
treatment was associated with better embryo recovery after co-cultivation than that observed 
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using the 400 mg L ' cysteine treatment. Further studies are underway in our laboratory to 
define the optimum cysteine concentration for stable transformation. 
We have demonstrated that Agrobacterium-mediated maize transformation using a 
standard binary vector system is reproducible although variability in experimental efficiency 
persists. In our experience, using co-cultivation medium within seven days of preparation 
minimizes this variability. Although our average transformation efficiency of 5.5% is low 
compared with that reported for Hi II immature zygotic embryos transformed using the super 
binary vector system (33-51%, Zhao et al., 1998), further improvements in transformation 
efficiency using this procedure are likely to result from optimization of the cysteine 
concentration used in co-cultivation medium, or by examining the effect of using other anti­
oxidant compounds that are less toxic to maize. Consideration of interactions between 
cysteine and experimental factors such as co-cultivation duration and timing to selection, or 
parameters involved in Agrobacterium virulence induction, may also lead to further 
improvements in stable transformation efficiency using Agrobacterium standard binary 
vectors to transform maize. 
Materials and Methods 
/dgyoAacferwwM fwme/izcfens vector and strain 
Agrobacterium tumefaciens strain ERA 101 (Hood et al., 1986) containing the 
standard binary vector pTF102 (12.1 kb) was used in all experiments. The 5.9 kb T-DNA 
region of this construct is shown in Figure 1. The vector is a derivative of the pPZP binary 
vector (Hajdukiewicz et al., 1994) that contains the right and left T-DNA border fragments 
from a nopaline strain of A. tumefaciens, a broad host origin of replication (pVSl) and a 
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spectinomycin-resistant marker gene (aadA) for bacterial selection. The cauliflower mosaic 
virus (CaMV) 35S promoter (P35S) was used to drive both the bar selectable marker gene 
and the gus reporter gene. A tobacco etch virus (TEV) translational enhancer (Carrington 
and Freed, 1990) was included in the 5 ' end of the bar gene. The soybean vegetative storage 
protein terminator (Mason et al., 1993) was cloned to the 3' end of the bar gene. The gus 
gene contained a portable inlron in its codon region (Vancanneyt et al., 1990) to prevent 
GUS activity in Agrobacterium cells. This vector system, pTF102 in EH A101. was 
maintained on YEP medium (An et al., 1988) containing 100 mg L"1 spectinomycin (for 
pTF102) and 50 mg L"1 kanamycin (for EHA101). Bacteria cultures for weekly experiments 
were initiated from stock plates that were stored for up to one month at 4°C before being 
refreshed from long-term, -80°C glycerol stocks. In all experiments, bacteria cell densities 
were adjusted to OD550 = 0.35 to 0.45 using a spectrophotometer immediately prior to 
embryo infection. 
Plant Material 
F] immature zygotic embryos (1.5 to 2.0 mm) of the maize (Zea maya L.) Hi H hybrid 
genotype (Armstrong et al., 1991) were aseptically dissected from green house-grown ears 
harvested 10 to 13 days post pollination. Ears were stored up to three days at 4°C before 
dissection. 
Media 
Infection, co-cultivation, resting and selection media were after Zhao et al. (1999) 
except that co-cultivation medium was modified to contain cysteine. All these media 
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contained N6 salts and vitamins (Chu et al., 1975), 1.5 mg L"' 2,4-dichlorophenoxyacetic 
acid (2,4-D) and 0.7 g L"1 L-proline in addition to the following ingredients: infection 
medium contained 68.4 g L"' sucrose and 36 g L"' glucose (pH 5.2) and was supplemented 
with 100 acetosyringone (Sigma, USA) prior to use; co-cultivation medium contained 30 
g L"' sucrose, 0.85 mg L"' silver nitrate, 100 AS, and 3 g L"' gelrite (pH 5.8); resting 
medium contained 30 g L"1 sucrose, 0.5 g L"1 2-(4-morpholino)-ethane sulfonic acid (MES). 
0.85 mg L"1 silver nitrate, 250 mg L"1 cefotaxime and 8 g L"1 purified agar (pH 5.8). 
Selection medium was identical to resting medium with the addition of 1.5 or 3 mg L"' 
bialaphos (Shinyo Sanyo. Japan). Infection medium was filter sterilized, while all other 
media were autoclaved. Acetosyringone (AS) stock solutions (100 mM) were prepared by 
dissolving AS in 100% (v/v) dimethyl sulfoxide (DMSO) to make a 200 mM stock which 
was then diluted (1:1. v/v) with sterile water and stored in small aliquots at 20°C. Cysteine 
was added to co-cultivation medium after autoclaving from freshly prepared, filter-sterilized 
stocks (100 mg mL'1) and co-cultivation medium was used within two to five days of 
preparation. Regeneration I medium contained MS salts and vitamins (Murashige and 
Skoog, 1962), 60 g L"1 sucrose, 100 mg L"1 myo-inositol, no hormones and 3 g L"1 gelrite (pH 
5.8) after Armstrong and Green (1985). Cefotaxime (250 mg L"') and bialaphos (3 mg L"') 
were added to this medium after autoclaving. Regeneration II medium differed from medium 
I in that it contained 30 g L"' sucrose and no bialaphos. All media was poured to 100 x 25 ml 
plates. 
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Infection and co-cultivation 
Agrobacterium cultures were grown for three days at 19°C on YEP medium amended 
with 100 mg L"1 spectinomycin and 50 m g L"1 kanamycin. One full loop (3 mm) of bacteria 
culture was scraped from the three-day old plate and suspended in 5 ml of liquid infection 
medium (Inf) supplemented with 100 |iM AS (Inf + AS) in a 50 ml falcon tube. The tube 
was fixed horizontally to a bench-top shaker or a Vortex Genie platform head and shaken on 
low speed (-75 rpm) for four to five hours at room temperature. This pre-induction step was 
carried out for all experiments. For infection, immature zygotic embryos (1.5 to 2.0 mm) 
were dissected to bacteria-free Inf + AS medium (1.8 ml) in 2 ml eppendorf tubes (20 to 100 
embryos per tube) and washed twice with this medium. The final wash was removed and 1 
to 1.5 ml of Agrobacterium suspension (OD55o = 0.35 to 0.45 ) was added to the embryos. 
Embryo infection was accomplished by gently inverting the tube 20 times before resting it 
upright for five minutes with embryos submerged. Embryos were not vortexed at any time 
during this procedure. After infection, embryos were transferred to the surface of co-
cultivation medium and excess Agrobacterium suspension was pipetted off the medium 
surface. Co-cultivation medium contained 400 mg L"1 cysteine unless stated otherwise. In 
experiments in which co-cultivation medium treatments were compared, embryos were 
washed and infected in the same tube before being distributed between media treatments. 
Embryos were oriented with the embryo-axis side in contact with the medium (scutellum side 
up). Plates were wrapped with vent tape (Vallen Safety Supply, USA) and incubated in the 
dark at 20*C or 23°C for three days after which embryos were transferred to 28°C on resting 
medium. 
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Embryo response (%) was measured as the number of co-cultivated immature zygotic 
embryos that had initiated embryogenic Type 11 callus formation at their scutellum base after 
four to seven days on resting medium, compared to the total number plated. All embryos, 
responding or not, were transferred to selection medium. 
Selection and Regeneration 
After four to seven days on resting medium (28°C, dark), embryos were transferred to 
selection medium (30 per plate) containing 1.5 mg L"1 bialaphos. Selection was increased to 
3 mg L bialaphos two weeks later. Putatively transformed events were identified as early as 
five weeks after infection. Regeneration of Ro transgenic plants from Type II embryogenic 
callus was accomplished by a two to three week maturation step on Regeneration Medium I 
followed by germination in the light on Regeneration Medium II as described in Frame et al. 
(2000). Stable transformation efficiency (%) was calculated as the number of bialaphos 
resistant callus events recovered per 100 embryos infected. 
Acclimatization and green house care of transgenic plants 
Transplant and acclimatization of regenerated R0 plants was 
described previously (Frame et al., 2000). Transgenic plants were grown 
green house. 
Statistical analysis 
Data from eight independent experiments was used to compare stable transformation 
efficiency from pairs of plates treated alike aside from cysteine exposure during co-
accomplished as 
to maturity in the 
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cultivation. A sign test was used to determine whether the benefit in transgenic event 
recovery rate observed for the 400 mg L"' cysteine treatment was significantly higher than 
that for the 0 mg L"1 cysteine treatment. 
A Chi-square test was used to determine whether the segregation ratios we observed 
for gus and bar gene expressing progeny plants fit the expected 1:1 ratio. 
Histochemical analysis of transient and stable expression 
Histochemical GUS assays (Jefferson, 1987) were used to assess transient expression 
of the gus gene in immature zygotic embryos one or two days after the three-day co-
cultivation ( four or five days after infection). Level of transient gus expression was assessed 
on a per embryo basis by estimating the number of blue foci visible on the scutellum side of 
each embryo. The embryo was then categorized as follows: non-expresser (no blue foci); 
low-expresser (one to 25); moderate-expresser (26 to 100); or high-expresser (>101). The 
number of embryos in each of these four groups was compared to the total number of 
embryos assessed to determine % of total embryos in each of the expression categories. 
Histochemical GUS assays were also used to assess stable expression of the gus gene in 
bialaphos resistant callus samples and in leaf tissue of transgenic plants in the R, and R, 
generations. Leaf segments (0.5 cm) were submerged in the substrate, vacuum infiltrated (20 
inch Hg) for 10 minutes and incubated at 37"C over night. Blue staining cells were 
visualized by soaking leaf tissue in 75% followed by 95% ethanol to remove chlorophyll and 
leaf pieces scored as positive or negative for GUS expression. 
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Southern blot analysis 
Leaf genomic DNA was prepared from two to three grams of fresh leaf tissue from 
putative transgenic maize plants using the CTAB (cetyltrimethylammonium bromide) 
method, as described by Murray and Thompson et al. (1980). Ten micrograms of genomic 
DNA per sample was digested with the Hind III restriction enzyme at 37°C overnight and 
separated on a 0.8% agarose gel. DNA gel blot analyses (Sambrook et al., 1989) were 
conducted on DNA samples using the '"f-labeled bar or gus fragments as shown in Figure 1. 
Progeny segregation analysis for Aar gene expression 
A glufosinate leaf-spray test (Brettschneider et al.. 1997) was used to establish 
segregation ratios for expression of the bar gene in progeny. The herbicide Liberty® 
(Aventis, USA) was dissolved in water (1.25 ml L"') along with 0.1% Tween 20 for a final 
glufosinate concentration of 250 mg L '. Beginning nine days after planting, seedlings were 
sprayed three times at one to two day intervals with a freshly prepared glufosinate solution 
and then scored for herbicide resistance (alive) or herbicide sensitivity (dead). 
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Table I. Efficiency of Agrobacterium -mediated maize transformation" 
Expt Date # embryos 
infected 
# bialaphos 
resistant events 
recovered 
# callus events 
expressing gus 
gene 
# events regenerated to 
plants / # events 
attempted 
T ransformation 
efficiency (%)b 
09/15/00 21 2 1 2/2 9.5 
11/22/00 82 2 1 2/2 2.4 
12/08/00 20 0 0 NA 0.0 
01/29/01 27 6 4 5/5 22.2 
02/05/01 63 2 1 2/2 3.2 
02/12/01 121 2 2 2/2 1.7 
02/19/01 17 1 1 NT 5.9 
02/26/01 26 1 0 1/1 3.8 
03/21/01 246 19 15 17/18 7.7 
03/26/01 58 4 4 4/4 6.9 
04/02/01 95 1 1 1/1 1.1 
04/11/01 76 5 5 5/5 6.6 
04/27/01 35 1 1 1/1 2.9 
04/30/01 122 8 7 6/6 6.6 
05/22/01 175 11 8 2/2 6.3 
Total 1184 65 51 50/51 5.5 
* All experiments used 400 mg L'1 cysteine in co-cultivation medium. 
15 Transformation efficiency = (number of bialaphos resistant events recovered / number embryos infected) x 100 
NA Not applicable 
NT Not tested 
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Table II. Effect of cysteine on stable transformation efficiency" 
Co-cultivation Cysteine # expts 
Temperature (°C) concentration 
(m* L') 
23 Ô 8 
400 8 
20 0 5 
400 5 
# embryos # bialaphos Transformation 
infected resistant efficiency (%) 
events 
497 I 02 
400 21 5.3 
440 I 0.2 
487 30 6.2 
Transformation efficiency = (number of bialaphos resistant events recovered / number embryos infected) x 100 
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Table 111. Effect of cysteine concentration on stable transformation efficiency* 
Cysteine in co-cultivation medium (mg L"1) 
0 100 200 300 400 
No. embryos infected 52 42 134 132 153 
No. bialaphos resistant events 0 2 2 6 5 
Transformation efficiency (%) 0.0 4.8 1.5 4.5 3.3 
'' Transformation efficiency = (number of bialaphos resistant events recovered / number embryos infected) x 100 
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Table IV. Segregation analysis for gus and bar gene 
expression in R, and R2 generation progeny plants8 
Segregation Ratio 
Event ID GUS ^ Herbicide ^ 
Posb Negc Res'1 Sen' 
R, 
l 32 34 0.1 63 38 6.2 
2 21 32 2.3 23 32 1.47 
3 58 55 0.1 59 51 0.58 
4 0 37 NE 18 18 0.0 
5 34 43 1.1 36 42 0.23 
6 0 39 NE 21 17 0.4 
7 4 7 0.8 4 7 0.8 
13 22 12 2.8 19 15 0.5 
14 14 10 0.7 16 13 0.3 
16 4 14 5.5 5 13 3.5 
18 8 7 0.1 7 7 0.0 
23 0 12 NE 11 11 0.0 
40 6 7 0.1 9 6 0.6 
44 7 8 0.1 7 8 0.1 
45 4 13 4.8 2 16 10.9 
46 4 6 0.4 4 7 0.8 
48 17 3 9.8 15 5 5.0 
Rz 
1 18 5 7.3 9 13 0.7 
2 21 18 0.2 6 31 16.9 
3 18 18 0.0 16 19 0.3 
4 0 25 NE 11 15 0.6 
5 16 15 0.0 15 18 0.3 
"Transgenic plants were crossed as the female parent with pollen from non-
transformed B73 plants 
b Pos. GUS assay positive (gws-expresser) 
L Neg, GUS assay negative (gus non-expresser) 
d Res, resistant to glufosinate spray ( to/ -expresser) 
c Sen. sensitive to glufosinate spray (bar non-expresser) 
^=3.8 (0.05. 1 df) 
NE, non-expresser 
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FIGURE 1. T-DNA region of standard binary vector pTF102. Abbreviations: LB, leA 
border; RB, right border; bar, phosphinothricin acetyltransgerase gene; gzti-int. P-
glucoronidase gene containing an intron; P35S, CaMV 35S promoter; TEV, tobacco 
etch virus translational enhancer; Tvsp, soybean vegetative storage protein terminator; 
T35S, CaMV 35S terminator; H, ffmd 
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Figure 2. Effect of cysteine (0 or 400 mg L-1 ) in co-cultivation medium on level of 
transient GUS expression in embryos (A) and on embryogénie callus response of 
v4gro6acfenw7M-infected or non-infected embryos (B). 
Figure 3. Distribution of blue foci 
(transient gwa gene expression) in maize Hi 
II immature zygotic embryos infected with 
standard binary vector 
system, pTF102, and co-cultivated on 
medium containing 0 mg L-1 (a) or 400 
mg L-1 cysteine (b). Embryos during co-
cultivation (c). Putative transformant 
growing on 3 mg L-1 bialaphos (d). 
Bialaphos resistant, Type II embryogénie 
callus event emerging from a single 
embryo explant (e). Stable gene 
expression in pTF102 callus event (f, left). 
Callus on the right is not expressing the 
gene. Transgenic pTF102 plants (RO) 
flowering in greenhouse (g). Transgenic 
seed set on ear of RO plant (h). (i) and 
bar (j) transgene expression in segregating 
R1 progeny. The leaf segment on the leA 
was isolated from a GUS expressing plant 
(positive) while that on right was from 
non-expressing (negative) plant (i). The 
Mr-expressing plantlet on the left 
(resistant) survived the glufosinate 
herbicide spray while the non-expressing 
plant on the right (sensitive) died. 
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A. Event ID 
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Figure 4. Southern blot analysis of transformed plants. Leaf tissue was sampled from 
20 independent events in the R0 generation (6, 8,10,12, 13, 15, 16,18), the R1 
generation (1, 2, 4, 7, 14,23,40,44,46,48) or the R2 generation (3, 5). No parent-
progeny relationships are depicted. Ten micrograms of genomic DNAs were digested 
with M/id III and hybridized with the (A) or 6ar probe (B). -ctr, negative control 
(genomic DNA from non-transformed maize inbred line B73); +ctr, positive control 
(non-transgenic maize genomic DNA spiked with 80 pg of pTF102 plasmid DNA 
digested with #w?d III). 
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CHAPTER 5. ASSESSMENT OF TRANSGENIC MAIZE EVENTS PRODUCED BY 
PARTICLE BOMBARDMENT OR/4GROA4CTEa/#M-MEDIATED 
TRANSFORMATION 
A manuscript submitted to Molecular Breeding 
Huixia Shou, Bronwyn R. Frame, Steven A. Whitham, & Kan Wang 
ABSTRACT 
Using Southern. Northern, real-time PCR and real-time RT-PCR techniques, we 
compared transgene copy numbers and RNA expression levels of transgenic maize events 
generated from Agrobacterium-mediated and particle bombardment transformation. The 
majority of the Agrobacterium-derived transgenic events contained 1 to 3 copies of the 
transgene, whereas most of the bombardment-derived events contained 10 to 277 copies of 
the transgene in this study. The Agrobacterium-derived events generally showed higher 
transgene expression than the bombardment-derived events. The average amount of 
transgene transcript in Agrobacterium-derived events was four times more than that of 
bombardment-derived events. Transgene expression in the R? generation was greater than 
the R, progenitor for 77% of the wm-derived events. In contrast, 89% of the 
bombardment-derived events had lower transgene expression in the R% than in the R, 
generation. We conclude that transgene expression is more stable in Agrobacterium-derived 
transformants than in bombardment-derived transformants. More than 70% of transgenic 
events produced from Agrobacterium-mediated transformation contained various lengths of 
the bacterial plasmid backbone DNA sequence, indicating that the Agrobacterium-mediated 
transformation were not as precise as previously perceived, using the current binary vector 
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system. In conclusion, although the transformation efficiency of v4gro6acfenwm-mediated 
transformation using a standard binary vector is one-half of particle bombardment in our 
laboratory, the resulting transformants have lower transgene copies, and higher and more 
stable gene expression than their bombardment-derived counterparts. 
KEY WORDS 
Agrobacterium tumefaciens, Biolistic gun. Maize transformation, Transgene copy number. 
Transgene expression, Zea mays 
ABBREVIATIONS: 
ADH: alcohol dehydrogenase; Aar: phosphinothricin acetyltransferase gene; CaMV 35S, 
Cauliflower Mosaic Virus 35S RNA Promoter; CTAB: cetyltrimethylammonium bromide; 
GOI: gene of interest; GUS: p-glucuronidase; nos; nopaline synthase of 
fwme/hcieMj; 7VMT: Mcoffana protein kinase; PCR: Polymerase chain reaction; RT: Reverse 
transcription. 
INTRODUCTION 
Particle bombardment and Agrobacterium-mediated transformation are two popular 
methods currently used for producing transgenic maize. Since fertile, transgenic maize was 
first produced from cell suspensions using the biolistic gun (Gordon-Kamm et al., 1990), this 
technology has become well established in many laboratories for transforming number of 
maize target tissues (Wan et al.. 1995; Songstad et al., 1996; Zhong et al.. 1996; Frame et al., 
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2000). We have reported efficiencies ranging from 4 to 18% for transforming immature 
zygotic embryos and 10% for transforming callus of the Hi II genotype using particle 
bombardment (Frame et al., 2000). More recently, /igroôacfenwm-mediated transformation, 
initially established in dicotyledonous plants, has been used to transform maize (Ishida et al., 
1996; Zhao et al., 1998; 2001; Negrotto et al., 2000; Frame et al., 2002). Reports showed 
that Agrohacterium-mediated transformation of immature zygotic embryos of the maize 
genotype Hi II using a super binary vector could achieve higher transformation efficiency 
than particle bombardment (Ishida et al., 1996; Zhao et al., 1998; 2001). However, in most 
public sector laboratories where a standard binary vector system is used due to proprietary 
issues, transformation efficiency using the Agro bacterium-mediated method remains lower 
than that achievable using particle bombardment (Dai et al.. 2001; Frame et al., 2002). 
Agrobacterium-mediated transformation is expected to produce transformants 
carrying fewer copies of the transgene and a more predictable pattern of integration (Smith 
and Hood, 1995). These putative advantages of ,4gro6acfenwm-mediated transformation 
over particle bombardment, however, tradeoff with transformation efficiency in rice and 
maize when a standard binary vector transformation system is used (Dai et al., 2001; Frame 
et al., 2002). Data confirming that transformants derived from Agrobacterium-mediated 
transformation of maize are of better quality than those from particle bombardment are 
needed to justify adoption of a different transformation method. 
is expected to transfer to the host plant only those sequences located 
between the T-DNA left and right borders (Gheysen et al., 1985; Zambryski, 1992). 
However, integration of non-T-DNA binary vector backbone sequences into the genome of 
transgenic plants (Cluster et al., 1996; Martineau et al., 1994; Kononov et al., 1997; Wenck 
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et al., 1997) frequently occurs. Because the undesirable backbone tag from the vector may 
result in transgene rearrangement and environmental risk safety concerns in transgenic 
products, the frequency with which transgenic maize events carry these undesirable backbone 
components needs to be clarified. 
While comparative studies of quality of transgenic events generated by different 
delivery methods maybe carried out in private laboratories, limited information on cereal 
crop is available in public laboratories (Dai et al., 2001 ; Zhao et al., 1998). The goal of this 
research was to compare the quality of transgenic events produced from the two standardized 
transformation techniques used in our laboratory - standard binary vector Agrobacterium-
mediated and particle bombardment transformation, with respect to transgene copy number, 
transgene expression level, and stability of gene expression over generations. As well, we 
examined both the integration pattern of T-DNA and extent of bacterial vector backbone 
integration in transgenic events produced using the Xgrobzcfermm-mediated method. A 
quantitative real-time Polymerase Chain Reaction (PCR) has been used in transgene copy 
number studies (Schmidt and Parrott, 2001) and gene expression research (Bustin, 2000; 
Cooper, 2001). Here we demonstrate the reliability of using real-time PCR technology for a 
comparative study of this nature and outline a protocol that may benefit other transgene 
analysis research in the future. Using real-time PCR and real-time reverse transcriptase 
(RT)-PCR along with traditional molecular analysis techniques such as Southern and 
Northern analyses, we compared transgene copy number and RNA expression levels in R, 
and Ri maize transgenic events obtained from Agrobacterium-mediated or biolistic 
transformation methods. 
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MATERIALS AND METHODS 
jgacferzw/M SYrm/i and/VoMMw/ 
The gene of interest (GOI) in this study is AfPAV gene (Mconama protein kinase gene, 
Kovtun et al., 2000). The Mof I fragment carrying the GOI cassette (Figure 1) was either 
subcloned into pTF102 vector derivative (Frame et al., 2002) to form plasmid pSHX004 
(Figure 1 A) for Agrobacterium-mediated transformation or into pBluescript to form plasmid 
pSHX002 (Figure IB) for bombardment experiments. 
Agrobacterium tumefaeiens strain EH A101 (Hood et al., 1986) was used to harbor 
pSHX004 for Agrobacterium-medialed transformation. DNA of the selectable-marker 
construct, pBARl84 (Figure 1C, Frame et al., 2000) was used for co-bombardment of 
pSHX002. 
Panicle bombardment transformation using the PDS/1000 He biolistic gun (Bio-Rad 
Laboratories Inc., Hercules, CA) was carried out as described by Frame et al. (2000). 
Briefly, callus derived from greenhouse grown immature zygotic embryos of the maize Hi II 
hybrid (Armstrong et al., 1991) was bombarded at 650 psi, 6 cm to target, 7 mm gap using a 
pre- and post- bombardment osmotic treatment. Each target plate was bombarded with 0.25 
fig gold (0.6 microns) coated with 0.03 |ig of pBarl84 DNA and 0.07 ng of pSHX002 DNA. 
Standard binary vector Agrobacterium-mediated transformation of Hi II immature zygotic 
embryos was done as described by Frame et al. (2002). In both transformation methods. 
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selection was carried out on 2 or 3 mg/L bialaphos and efficiency was measured as the 
number of independent, bialaphos resistant calli emerging per 100 embryos infected or callus 
pieces bombarded. 
Transgenic calli were selected on the basis of resistance to bialaphos (Frame et al., 2000 ) and 
further confirmed by PCR analysis. Callus DNA extraction and PCR analysis were 
performed as described (Chikwamba et al., 2002). Two sets of PCR primers were designed 
to amplify a 745 bp fragment from the 35S promoter to a region of the NPK1 open reading 
frame and a 646 bp fragment from the middle of NPK1 gene to part of the nos terminator 
(Figure IB). The forward and reverse primers for PCR product 1 were NPK-F 1 (5'-ttc tta taa 
cag att cag gg-3') and NPK-R1 (5'-eta teg ttc aag atg cct ct-3'), respectively. The PCR 
product 2 was amplified by using forward primer NPK-F2 (5'-ggc tgc agg aat tct cat gt-3') 
and reverse primer NPK-R2 (5'-get ccc gaa gtc att ctg ca-3'). The amplification of both 
fragments ensured the presence of the whole transgene fragment. All plant materials for 
DNA or RNA analyses were pre-screened for positive segregants by herbicide spraying 
(Frame et al., 2002) and PCR analysis. 
DNA isolation and Southern blot analysis 
Leaf genomic DNA was extracted from fresh leaf tissue of R, maize plants using the 
cetyltrimethylammonium bromide (CTAB) method, as described by Murray and Thompson 
(1980). Ten micrograms of genomic DNA of each Xgrobacfermm-derived A4 events were 
digested with the Stu I restriction enzyme, while DNA of bombardment-derived P84 events 
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was digested with restriction enzyme EcoR I. DNA digestion was carried out at 37°C 
overnight and separation done on a 0.8% (w/v) agarose gel. A 1.8 kb DNA fragment 
containing the NPK1 gene and its promoter and terminator and a 0.8 kb DNA fragment of the 
coding region of the gene were isolated from the pSHX002 construct and used as 
hybridization probes for the P84 events and A4 events, respectively. DNA gel blot analyses 
(Sambrook et al., 1989) were conducted on DNA samples using the 32P-labeled above NPK1 
probes (Figure 1). 
exfracfzo/z aW TVorfAem 6/of ana/yai'a 
Total RNA was isolated from leaf tissue of R, transgenic plants using Trizol reagent 
(Invitrogen Life Technologies. Carlsbad, CA, USA) according to the manufacturer's 
instructions. Twenty micrograms of total RNA was separated on 1% (w/v) agarose gel under 
denaturing conditions. Formaldehyde was used as the dénaturant. After gel electrophoresis, 
RNA samples were blotted onto a nitrocellulose membrane. The 7VPA77 gene also was used 
as a probe in the hybridization procedure as described for Southern blot analysis. 
One microgram of RNA from each of the samples was treated by RNase-free 
deoxyribonuclease I (Invitrogen Life Technologies, Carlsbad, CA, USA) according to the 
manufacturer's directions. After removing DNA, the RNA samples were reverse transcribed 
using SUPERSCRIPTTM RNase H" Reverse transcriptase from the same company, 
following the manufacturer's instructions. 
109 
Real-Time Polymerase Chain Reaction (PCR) 
We used the Taqman assay to detect the starting amount of DNA or cDNA template 
in the real-time PCR reactions. All oligonucleotides, including primers and probes were 
designed using the DNA m fold server of Dr. Michael Zuker 
(http://www.bioinfo.rpi.edu/applications/mfold/old/rna/forml.cgi) and Primer 3 software 
(Whitehead Institute for Biomedical Research in Cambridge, Massachusetts. USA.). The 
maize alcohol dehydrogenase (ADHl) gene (Genebank accession number AF496910) and the 
18S small unit ribosomal RNA gene (Genebank accession number AF168884) served as 
endogenous controls for copy number detection and RNA quantification. The internal 
oligonucleotide probes specific for MPÂV, and gene were labeled at the 5' end 
with F AM and at 3' end with BlackHole Quchencher-1. The probe for 18S rRNA gene was 
labeled at the 5'end with TAMRA and at 3' end with BlackHole Quchencher-2. All of the 
primers and probes were synthesized and labeled by Integrated DNA Technologies 
(Coralville, IA, USA). 
PCR primer and probe sequences were as follows: NPK1- forward, 
ctctcccatcccaacatag; NPK1-reverse, gagccaccaggaacaaat; NPK1-probe, 
cctgctctcttgcagttcccaaatatc; bar-forward, aggtcgtccgtccactcct; bar-reverse, 
ggtctgcaccatcgtcaa; bar-probe, actacatcgagacaagcacggtc; ADHl-forward, 
cgtccacagttttttttcgatga; ADHl-reverse, cgattgcaggatagcatacaaga; ADHl-probe, 
cagcgccactgcggcactg; 18S rRNA-fbrward, acgaacaactgcgaaagc; 18S rRNA-reverse, 
cggcatcgtttatggttg; 18S rRNA-probe, aggacggtatctgatcgtcttcgagcc. 
We used the iCycler iQ Detection System (Bio-Rad Laboratories Inc., Hercules, CA) 
to conduct the real time PCR reactions. Serial dilutions of plasmid DNAs from pSHX004 
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(Figure 1), containing the gene and pSHX007 (Shou et al, 2002), containing the 18S 
rRNA gene fragment were used to generate standard curves in the cDNA quantification. 
Genomic DNA from transgenic event P84-44 was diluted and used to generate the standard 
curve for the DNA quantification. 
PCR reactions were performed in a total volume of 25 pi containing 50 ng of maize 
genomic DNA, IX PCR buffer, 500 each of dNTP, 0.4 pM of each primer, 0.2 of 
probe and 1.25 U of Platinum Tag Polymerase (Invitrogen Life Technologies, Carlsbad, CA. 
USA). PCR reaction conditions were as follows: Initial PCR activation 95°C for 3 minutes, 
followed by 35 amplification cycles (94°C, 30 seconds, 55°C, 45 seconds). All samples were 
tested in triplicate. 
To account for inherent variation in the amount of starting material between samples, 
the amounts of NPK1 cDNA or DNA detected by the real-time PCR were normalized by 
dividing them with their corresponding amounts of the 18S ribosomal RNA gene or the 
maize AD//7 gene. 
Polymerase Chain Reaction (PCR) for backbone integration test 
Nine pairs of PCR primers amplifying 200-250 bp regions of the vector DNA outside the T-
DNA border were used to detect the presence of bacteria vector backbone DNA in the R, 
transgenic events derived from Agrobacterium transformation (Figure 6A). PCR reactions 
were carried out in a total volume of 50 p,l containing 50-100 ng of DNA extracted from leaf 
samples, IX PCR buffer, 100 pM each of dNTP, 0.1 of each primer and 2.5 U of Biolase 
Tag Polymerase (Bioline USA Inc., Randolph, MA. USA). PCR was conducted with 30 
I l l  
cycles of amplification: 94°C, 0.5 min; 60°C, 0.5 min; 72°C, 0.5 min. PCR products were 
analyzed by electrophoresis on a 2% (w/v) agarose gel. 
RESULTS 
GeMerafzoM of mazze 
Figure 1 illustrates the constructs used for Agrobacterium-mediated and particle 
bombardment transformation methods. The gene of interest in this study was a Nicotiana 
protein kinase gene (NPKl) that was regulated by a modified 35S promoter (35SC4PPDK) 
and a nos terminator (Kovtun et al., 2000). The expression of the gene is expected to 
enhance the stress tolerance in maize (H-X. Shou, unpublished). Agrobacterium strain 
EHA101 carrying the binary vector construct pSHX004 was used to infect maize Hi II 
immature zygotic embryos as described (Frame et al., 2002), while pSHX002 DNA was co-
bombarded with a selectable marker cassette pBAR184 (Figure 1C) into maize Hi II callus 
target tissue (Frame et al., 2000). We selected 24 Agrobacterium-derived events (designated 
A4-n) and 12 bombardment-derived events (designated P84-n) for this study. Average 
transformation efficiencies for this construct in Agrobacterium-mediated transformation and 
particle bombardment were 3.3% and 7.1%, respectively. R, seeds were obtained by out­
crossing the transformants with untransfbrmed Hi II or inbred line B73. R, plants were 
screened for herbicide resistance using herbicide spray (200 mg/L glufosinate, Liberty®) and 
for the presence of the 7VPAV gene using polymerase chain reaction (PCR) analysis. The 
confirmed transgenic plants were grown and self-pollinated in the greenhouse or the field to 
produce Rj seeds. 
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Segregation patterns of herbicide resistance in the R| generations of 24 
/4gro6ocfgrfwm-derived and 11 bombardment-derived events were analyzed. Eighty-three 
percent (20 out of 24) and seventy-three percent (eight out of 11) of the 
derived and bombardment-derived events, respectively, segregated with a 1 to 1 ratio as 
expected for the transgene insertion at a single dominant locus (Table 1). 
Copy number detection using Southern analysis 
A Southern blot assay was performed on 11 transgenic events from each transformation 
method to determine transgene copy number (Figure 2). Genomic DNA of P84 events were 
digested with the restriction enzyme EcoR I, which excised a 1.8 kb fragment from the 
inserted pSHX002 DNA in the P84 transgenic events (Figure IB). The digestion also could 
generate a fragment containing a small piece (37 bp) of the nos terminator, which then could 
be detected by the AfPAV probe 2 (Figure IB). We expected to estimate the transgene copy 
number by comparing the hybridization band density of the 1.8 kb drop-out fragment with 
that of the positive control density (Figure 2A, CTR+) or by counting the number of 
hybridization bands. From the Southern blot result, it was clear that most of P84 events 
contained numerous copies of the AfPAV transgene. All but two (P84-34 and P84-55) of the 
11 transgenic events contained more than 10 copies of the transgene compared with the one 
copy positive control (CTR+). Events P84-44, P84-46, P84-50 and P84-54 might have more 
than 100 transgene copies. The number of extra bands confirmed the copy number estimated 
from the hybridization band density of the 1.8 kb fragment. 
Genomic DNA of the A4 transgenic events was digested with the restriction enzyme 
Stu I. Since the enzyme cut only once in the T-DNA cassette, we could estimate the NPKl 
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gene copy number from the hybridization band pattern. In this batch of Southern blots of A4 
events, we observed a common band around 15 kb-position (Figure 2B). This band was 
likely caused by incomplete digestion of the genomic DNA. This was confirmed by a 
separate Southern blot, in which sample A4-1 showed only one hybridization band of 
approximately 4.1 kb in size (Figure 2C). Therefore the common band seen in all samples in 
Figure 2B was excluded when determining copy number. The copy number of the 11 A4 
events ranged from one to nine. 
Copy number dgfeefzon wawzg rea/-A#ze PC# 
Real-time PCR was performed to quantify the copy number of the bar and NPKl transgenes 
in the transgenic events obtained from the two transformation methods. We used the dilution 
scries of P84-44 genomic DNA to make the standard curves for the quantification of NPKJ 
and bar DNA in all genomic DNA samples from the transgenic events. We used an intron 
sequence from ADHl (maize alcohol dehydrogenase gene 1, Osterman and Dennis, 1989). a 
known single copy gene sequence in maize as a baseline in our experiment. To account for 
variation in the amount of starting material between samples, the amount of ADHl DNA 
detected from the PCR reaction was used to normalize the amounts of AfPAY and DNA, 
which are shown in Table 2. Since the A4-1 event had a single copy of the transgene in the 
Southern blot, we calculated the transgene copy number based on the amount of sample 
DNA relative to the A4-1 sample (Table 2). Copy numbers of the NPKl transgene detected 
from real-time PCR analysis correlated with that from Southern analysis. In the 11 
Agrobacterium transformed events, the correlation coefficient between the NPKl transgene 
copies determined from the two methods (Southern and real time PCR) in the 
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^groAacfenwm-derived events was 0.8455. Most ,4gro6acfgriwm transformed events have 
similar copy numbers of the NPKl gene and bar gene, with a correlation coefficient of 
0.9098. 
Compared with the transgene copy number in Agrobacterium-derived transgenic 
events, the majority of bombardment-derived events carried higher copy numbers of the 
NPKl gene. In only two of the 11 samples, P84-34 and P84-55, could we clearly count the 
hybridization bands from the Southern blot (Figure 2A). Real-time PCR results indicated 
that the remaining events contained 8 to 277 copies of AfPAY gene (Table 2). Interestingly, 
the bar gene which was co-bombarded with the NPKl construct had lower copy numbers in 
the same events, ranging from 1 to 21 copies (Table 2). 
We categorized the transgenic events into three groups according to their transgene 
copy numbers (Figure 3). Ninety-two percent of the transgenic events produced through 
Agrobacterium-mediated transformation contained less than three copies of the transgene, 
while 4% of them had 3 to 9 copies or more than 10 copies of the transgene. Conversely, 
only 17% of the particle bombardment events contained low or medium copy numbers. 
Sixty-seven percent of the P84 events contained more than 10 copies of the transgene. Our 
data clearly shows that Agrobacterium-mediated transformation resulted in fewer copy 
numbers of transgene in transformants than the bombardment-derived transformants. 
A/brfAerm ana/yai? 
Northern analysis was performed on total RNA extracted from nine R, transgenic events 
from each transformation method. The amount of NPKl transcript varied from event to 
event. A4-4 and A4-5 were the highest expressers among the transgenic events (Figure 4). 
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Events A4-1, A4-3, A4-8, A4-9, A4-13, P84-12, P84-26 and P84-39 had detectable amounts 
of 7VPAY transcript, while the others were either non-expressers or did not have enough 
transcript to be detected in the Northern analysis (Figure 4). 
TraMjcrzpf /eve/ of fra/zageme (/efecW rea/- Ame #7\PC7f 
RNA extracted &om Ri and R; transgenic events was reverse-transcribed (RT) and 
run in a real-time PCR reaction to detect the amount of NPKl transcript. In the real-time RT-
PCR analysis, dilution series from plasmid DNA of the NPKl construct pSHX002, and a 
control construct carrying the 18S ribosomal RNA gene, were used to make the standard 
curves for the quantification of NPKl and 18S RNA transcripts. The amount of NPKl 
transcript was normalized by dividing it with the amount of 18S RNA in each sample. 
Agrobacterium-derived A4 events had a higher level of NPKl transcript than the 
transgenic events from particle bombardment transformation (Table 3). The average 
expression level of the A4 events was about four times higher than that of the P84 events. 
Transgenic events from each of the transformation methods were categorized into high, 
medium, and low expressers based on the relative amount of NPKl transcript measured 
(Figure 5). Among the Agrobacterium transformed events, 41% were high expressers, 55% 
were medium expresser, and only 5% were low expressers. On the other hand, there were no 
high expressers among the particle bombardment events based on these criteria. Forty-four 
percent of the P84 events were medium expressers, and 56% of them were low expressers. 
The amounts of RNA determined by real-time RT-PCR were correlated with those 
from Northern blot analysis in all nine Agrobacterium transformed events and 11 out of 12 
bombardment events. Event P84-49 had a higher transcript level in the real-time RT-PCR 
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analysis than that determined from Northern Blot analysis. This may have been the result of 
a negative segregant plant being selected for Northern analysis by PCR error. 
Our data showed that transgenic events obtained from the Agrobacterium-mediated 
transformation method expressed the NPKl transgene at higher levels than those derived 
from particle bombardment transformation. 
NPKl gene expression changes over generations 
We tracked transgene expression from the R, to the R2 generation in 22 
derived and nine bombardment-derived events. RNA expression levels in 17 R2 
Agrobacterium events and one R2 bombardment event increased when compared with their 
R] counterpart (Table 3). The percentages of the events that had increased transgene 
expression from the R, to the Ri generation from Agrobacterium-mediated transformation 
and particle bombardment transformation were 77% and 11%, respectively. The remainder 
of the R] events had lower expression than their R, progenitors. Average RNA levels 
doubled from the R, to R% generation for Agrobacterium-devived events, while it was halved 
for the bombardment events. Our data indicates that transgene expression in Agrobacterium-
derived transgenic events was more stable over generations than in the particle 
bombardment-derived events. 
/nfegnzAom of T-DAW A/Mary vecfor jggwenca? 
Nine pairs of primers covering regions outside the T-DNA borders were used in a PCR 
reaction to determine whether vector 'backbone" sequences also were transferred to plant 
cells by Agrobacterium during transformation (Figure 6A). Results showed that 18 of the 24 
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(75%) /4gro6acfenwm-derived lines (R, plants) carried some portion of an 
backbone DNA 6agment (Table 4). The extent and length of the tagged backbone DNA 
varied from event to event. Events A4-7, A4-13, A4-18, and A4-19 were PCR positive on all 
of the screened regions suggesting that the entire backbone region was transferred during 
transformation (A4-18 in Figure 6B). The other 16 events carried partial backbone regions 
(A4-3 and A4-8 in Figure 6B). Events A4-1, A4-5, A4-10, A4-16, A4-17, and A4-29 were 
free of backbone DNA (A4-1 in Figure 6B). PCR using primers 1, 2, and 3 that covered the 
region flanking the left border were positive on all of the 20 events that contained backbone 
DNA, indicating that the backbone DNA may be transferred by the incomplete cleavage of 
the left-border of the T-DNA 
DISCUSSION 
Using a standard binary vector method to transform maize with Agrobacterium, our 
average transformation efficiency in this study was approximately 3.3%, half that of our 
average efficiency using particle bombardment transformation (7.1%). Although 
transformation efficiency is sacrificed using this Agrobacterium-mediated method, we have 
shown that the resulting transformants have lower transgene copy number, and higher and 
more stable gene expression than their bombardment-derived counterparts. 
We used real-time PCR or real-time RT-PCR technology to quantify transgene copy 
number and expression level in this study. Our results using this new method correlated well 
with those obtained using the traditional Southern and Northern analyses. In addition, the 
high sensitivity and efficiency of the new technology allowed us to analyze more samples 
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and quantify the transgene expression more accurately. We expect this technology will be 
further improved for large scale expression analysis of transgenic events. 
Our observation is in agreement with the current limited public information regarding 
transgenic cereal plants using these two methods (Dai et al. 2001; Zhao et al, 1998). Dai et 
al. (2001 ) compared transgene copy number and GUS expression in transgenic rice events 
using Southern Blot analysis and GUS activity assay, respectively. The authors found that 
Agrobacterium-derived events had lower transgene copy numbers and slightly higher GUS 
expression in Ro plants than those derived from bombardment events. Low copy number 
transgene integration using the super binary Agrobacterium system for maize transformation 
has been described in both publications of Ishida et al. (1996) and Zhao et al. (1998). Zhao 
et al. (1998) also compared the gus and bar gene expressions in the Agrobacterium-derived 
or bombardment -derived Ro transgenic plants by simple visual examination. However, the 
stability of transgene expression over generations in the transgenic events produced by the 
two methods was not assessed in either publications. In our study, the majority (>90%) of 
the transgenic events produced using Agrobacterium-mediated transformation contained 
fewer than three copies of the transgene. In contrast, most of the transgenic events obtained 
from particle bombardment had more than 3 copies with some having as many as 100 copies 
of the transgene. Furthermore, the Agrobacterium events in this study generally showed 
higher transgene expression than the bombardment events. The inverse correlation between 
transgene copy number and expression level that we observed supports the argument that 
multiple copies of a transgene may lead to co-suppression and silencing (Vaucheret et al., 
1998; Fagard and Vaucheret, 2000; Dai et al., 2001). Transgene silencing may explain the 
discrepancy between the YVPAV and copy number. During the tissue culture process 
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associated with transformation, transformed events were selected on bialaphos-containing 
medium. Thus, we expect that only the events properly expressing the &zr gene survived 
selection and were regenerated into transgenic events. It is possible that those events with 
gene copy numbers as high as their corresponding MPÂY copy numbers simply did not 
survive selection due to silencing induced by excessive transgene copy numbers in such 
events. Because a direct correlation between copy number and expression of the transgene 
was not detected on an individual event basis in this study, it is likely that factors other than 
the transgene copy number alone influencing in the transgene silencing mechanism, such as 
structure of transgene insertion (Muskens et al., 2000). 
We tracked transgene expression in the R2 generation of transgenic events and found 
that the majority (77%) of Agrobacterium-derived events had higher transgene expression in 
Rj plants than their R, counterpart, whereas 89% of the bombardment-derived events had 
decreased amounts of transgene expression in the R% generation. We therefore concluded 
that transgene expression was more stable in wm-derived events than those in 
bombardment-derived events. 
Using double the amount of gene of interest (GOI) DNA than that of selectable 
marker DNA in bombardment, we achieved 80-90% co-transformation (6or gene and GOI). 
This excessive quantity of GOI DNA, however, also may have contributed to the 
phenomenon of high transgene copy number in the transgenic events produced by the 
protocol and consequently aggravated the transgene silencing. Using less GOI DNA or less 
total DNA approach in particle bombardment transformation may aid in reducing transgene 
copy number and improve transgene expression. 
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Integration of vector DNA segments other than the T-DNA into the plant genome is 
undesirable because it may affect transgene or endogenous gene expression, promote 
transgene rearrangement and other possible risks. Using the Agrobacterium-mediated 
transformation method, we expected to obtain "cleaner" transgenic products as only the 
sequence between the two T-DNA borders was expected to be transferred to plant cells using 
this method. However, integration of non-T-DNA binary vector backbone sequences into the 
genome of transgenic plants (Cluster et al., 1996; Kononov et al., 1997; Martineau et al.. 
1994; Wenck et al., 1997) frequently occurs. Cluster, et al. (1996) reported that 15% of the 
transgenic petunia plants contained large fragments of non T-DNA binary vector pi asm id 
Kononov et al. (1997) demonstrated that one-fifth of transgenic tobacco plants expressed a 
gus gene that was located outside of the T-DNA border. Furthermore, about 75% of these 
plants contained various lengths of this outside T-DNA gene fragment. Wenck (1997) 
showed that the frequency of vector backbone co-transfer ranged from 30-60%, depending 
on plant species, Agrobacterium strain, and transformation method. In our case, we observed 
that as high as 75% of R? transgenic maize events contained the backbone DNA sequence of 
the binary vector. These vector backbone sequences could be the result of one large 
extended T-DNA segment that initiated from the right border. They also could be the result 
of two separate T-DNA segments initiated from the right and the left border sequences, 
respectively. Although the nature of the backbone contamination was not determined, the 
frequency in our study corresponds with the rate of the backbone DNA integration observed 
by Kononov et al. (1997) in transgenic tobacco. Both "linked to T-DNA" and "independent" 
backbone contamination events were found in their study. 
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It is known that the 25 bp direct repeats at the right and the left border regions delimit 
the transferred T-DNA segment and the transfer process occurs in a polar, right to left, 
fashion (Gelvin. 2000). While the 25 bp repeats alone can promote T-DNA transfer, their 
flanking sequences on the wild-type Ti-plasmid enhance (on the right border) or attenuate 
(on the leA border) their activity (Wang et al., 1987). This selective use of the T-DNA 
borders would lead to more effective T-DNA transfer events for Agrobacterium in nature by 
preventing the DNA transfer away from the tumor genes that reside on the T-DNA element. 
The vector used in this study was the derivative of pPZP vector (Hajdukiewicz et al., 1994) 
that contained the right and left T-DNA border fragments from a nopaline strain of A. 
tumefaciens. A BLAST search showed that most of the commonly used binary vectors, 
including Bin 19 based vectors (used by Kononov et al., 1997), pCAMBIAs, pPZPs (used in 
this study). pINDEXs contained a similar left border fragment of 320 to 550 bp in size (data 
not shown). Thus, if the flanking sequence of the left border is not strong enough to 
attenuate the transfer of vector backbone sequence during transformation, it is likely that 
backbone DNA contamination might exist more commonly in Agrobacterium-dmved 
transgenic plants than previously thought when using these binary vectors. 
Using transgenic maize plants carrying the AfPÂV gene, we compared copy numbers 
and the expression levels of GOI over two generations. Strictly speaking, our comparative 
study was not perfectly parallel. In the Agrobacterium method, we placed both GOI and the 
6ar gene cassette on one binary vector, while for bombardment, the GOI and the gene 
were on two separate plasmid and co-bombarded into maize tissue. However, our objective 
for this comparative study was the AfATJ gene cassette, which was identical in both systems. 
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Our study indicated that the Wgro&zcfenwm-mediated maize transformation showed a 
number of advantages over the bombardment method including higher proportions of 
transgenic events with low copy number and high expression for the transgenes, as well as 
more stable transgene expressions over generations. It is possible that the vector backbone 
contamination could be decreased by further improvement of the binary vector system using 
the recent available genomic information on Agrobacterium tumefaciens. 
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Table 1. Segregation analysis for the bar gene 
expression in R, generation 
events # Positive" # Negative" X* 
Agrobacterium -derived events 
A4-I 19 10 2.79 
A4-2 5 28 16.03 
A4-3 7 7 0.00 
A4-4 8 2 3.60 
A4-5 36 25 1.98 
A4-6 1 1 0.00 
A4-7 0 4 4.00 
A4-8 30 31 0.02 
A4-9 19 12 1.58 
A4-I0 10 14 0.67 
A4-13 23 31 1.19 
A4-14 23 14 2.19 
A4-15 16 8 2.67 
A4-16 2 6 2.00 
A4-17 29 17 3.13 
A4-18 24 7 9.32 
A4-19 13 14 0.04 
A4-20 21 15 1.00 
A4-22 11 10 0.05 
A4-23 25 19 0.82 
A4-24 34 18 4.92 
A4-28 23 14 2.19 
A4-29 22 16 0.95 
A4-32 18 14 0.50 
imbardment-derived events 
P84-12 4 6 0.40 
P84-17 6 20 7.54 
P84-26 3 0 3.00 
P84-34 22 22 0.00 
P84-39 5 17 6.55 
P84^4 14 21 1.40 
P84-46 14 28 4.67 
P84-49 14 24 2.63 
P84-50 2 3 0.20 
P84-54 7 11 0.89 
P84-55 32 43 1.61 
* Resistant to glufosinate spray. bSensitive to glufosinate 
spray. c X2=3.8 (0.05, df=l) 
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Table 2. Transgene copy number estimation 
events Real Time PCR Southern Blot 
Relative amount of DNA * Copy number b Copy number c 
Agrobacterium-derived events 
A4-1 1.4 8.0 1.0 1.0 1 
A4-2 3.8 19.3 2.7 2.4 3 
A4-3 14.8 138.0 10.5 17.3 9 
A4-4 3.9 40.5 2.8 5.1 1 
A4-5 3.2 14.2 2.3 1.8 2 
A4-6 1.9 7.5 1.4 0.9 2 
A4-7 2.5 18.3 1.8 2.3 3 
A4-8 1.0 6.9 0.7 0.9 1 
A4-9 4.1 20.9 2.9 2.6 3 
A4-10 2.8 3.3 2.0 0.4 4 
A4-] 3 2.3 9.6 1.6 1.2 2 
A4-I4 4.5 14.1 3.2 1.8 NA 
A4-15 2.4 14.8 1.7 1.8 NA 
A4-I6 1.5 9.7 1.0 1.2 NA 
A4-17 1.7 5.5 1.2 0.7 NA 
A4-18 4.9 31.9 3.5 4.0 NA 
A4-19 1.7 17.4 1.2 2.2 NA 
A4-20 2.0 5.3 1.4 0.7 NA 
A4-22 1.0 12.2 0.7 1.5 NA 
A4-23 2.0 11.7 1.5 1.5 NA 
A4-24 0.9 2.1 0.7 0.3 NA 
A4-28 1.7 10.9 1.2 1.4 NA 
A4-29 3.0 16.8 2.1 2.1 NA 
A4-32 2.6 5.7 1.8 0.7 NA 
Bombardment-derived events 
P84-I2 138.1 164.9 98.6 20.6 >20 
P84-I7 41.8 53.9 29.9 6.7 >20 
P84-26 62.9 49.7 44.9 6.2 >20 
P84-28 0.7 9.3 0.5 1.2 NA 
P84-34 2.9 9.1 2.0 1.1 3 
P84-39 11.0 30.0 7.9 3.8 -10 
P84-44 170.3 103.9 121.7 13.0 >50 
P84-46 388.2 145.5 277.3 18.2 >50 
P84-49 56.9 28.1 40.6 3.5 >20 
P84-50 36.9 16.8 26.4 2.1 >20 
P84-54 211.1 70.8 150.8 8.9 >50 
P84-55 7.4 4.1 5.3 0.5 ~5 
" Relative amount of DNA was calculated using the amount of NPKl or bar DNA divided by the amount of 
adhl DNA in each event. 
b Copy number of NPKl or bar was calculated using the relative amount of DNA of each event divided by 
that of A4-1. 
c The copy numbers were estimated from Southern Blots (Figure 2). 
NA, not accessed 
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Table 3. Amount of 7VPA7 RNA in the R, and R% 
transgenic plants derived from Agrobacterium and 
particle bombardment transformation 
Transgenic events Relative amount of RNA* 
Rj RT 
Agrobacterium-derived events 
A4-1 0.1197 0.1271 
A4-2 0.1955 0.1056 
A4-3 0.1348 0.1520 
A4-4 1.8421 3.0767 
A4-5 0.6551 1.1124 
A4-8 0.2171 0.6104 
A4-9 0.5401 1.4629 
A4-I0 0.1686 0.2878 
A4-13 0.6960 1.0489 
A4-14 0.7887 3.7087 
A4-15 2.0981 6.4978 
A4-I6 0.1492 1.9471 
A4-17 0.6560 0.6009 
A4-18 0.2832 0.0362 
A4-19 1.1698 1.3479 
A4-20 0.0890 0.4394 
A4-22 0.9031 0.8437 
A4-23 0.2190 0.0552 
A4-24 0.1056 0.6883 
A4-28 0.1336 1.5751 
A4-29 0.2126 0.6216 
A4-32 0.1277 0.6235 
Average 0.5229 1.2259 
Bombardment-derived events 
P84-I2 0.1777 0.0336 
P84-26 0.2627 0.0456 
P84-34 0.0006 0.0038 
P84-39 0.2506 0.0167 
P84-46 0.0332 0.0034 
P84-49 0.2615 0.1192 
P84-50 0.0924 0.2798 
P84-54 0.0658 0.0556 
P84-55 0.0006 0.0021 
Avearge 0.1272 0.0622 
*: Relative amount of RNA was calculated using the amount of NPKl 
transcript divided by the amount of 18S RNA in each sample. 
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Table 4. Integration of vector backbone sequences into Agrobcterium -derived trangenic maize events 
Lines 
1 2 3 
Fragments ID and coordinates3 
4 5 6 7 8 9 
4852-5078 5358-5576 5646-5848 8276-8493 8783-9004 9291-9500 9583-9805 Î 0556-1 OS i 1 10877-71 
A4-1 - - - - - - - - -
A4-2 + + + + + - - + -
A4-3 + + 4- + - + + - + 
A4-4 + + + + + - - + + 
A4-5 - - - - - - - - -
A4-6 + 4- + + + - -
A4-7 + + + -
A4-8 + - - - - -
A4-9 + + - + + + + + 
A4-10 - - - - - - - - -
A4-11 + + + + + + 4- - -
A4-12 + + + + - - - + 4-
A4-13 + + + + + + + + 
A4-14 + + - - - - . 
A4-15 -h - + + 4- - 4~ 4-
A4-16 - - - - - - - . 
A4-17 - - - - - - - -
A4-18 + + + + + + + -b + 
A4-19 + + + -f + 4- + 4- •f 
A4-20 + + + - - . - + 
A4-22 + + + + - . + + 
A4-23 + + + - - + + + 
A4-24 + + + + - . _ + + 
A4-28 + + 4- + - - . _ 
A4-29 - - - - - . _ _ 
A4-32 + + + + 
- - -
4-
a: 1 - 9: Fragments outsde of T-DNA region. See Figure 6A for the coverages of the fragments. 
Fragment ID Forward primer Reverse primer 
1 cctgctgcgtaacatcgttg ctcgttcggttcgtaagctg 
2 ccggatcaaagagttcctcc ccggatcaaagagttcctcc 
3 ttccaactgatctgcgcg ctggcgatgagcgaaatg 
4 ccgatgctctatgacgtggg cggttcatggattcggttag 
5 gaagatgtacgcggtacgcc agacaacccagccgcttacg 
6 gacttcgtgctgattccgg gatacgggactcaagaatggg 
7 aaggggaacgcatgaagg ttcacgtcgcggtcaatc 
8 aaccggagacattacgccatg actgtcacaacgtcgccagg 
9 gggcgtgaaaaggtttatcc cgcgtaacttaggacttgtgc 
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Figure l. Constructs for maize transformation. (A) pSHX004, binary vector construct 
for Agrobacterium-mediated transformation; (B) pSHX002 and (C) pBAR!84, 
constructs used for co-bombardment transformation. LB, left border: RB, right border; 
phospinothricin transferase gene; Mcof/ono protein kinase gene; P35S*, 2x 
CaMV 35S promoter (Ode11 et al, 1985); P35S**. a modified 35S promoter 
(35SC4PPDK, Sheen. 1993); Pubi-int; ubiquitin promoter with its intron (Christensen 
and Quail, 1996); TEV, tobacco etch virus 5' untranslated region (Carrington and 
Freed, 1990); Tnos, nopaline synthase terminator (Depicker et al, 1982); Tvsp, soybean 
vegetative storage protein terminator (Mason et al., 1993); T35S, CaMV 3SS 
terminator; E, EcoK I; N, Not 1; S, Stu I; NPKl probe 1: 0.8 kb coding region of NPKl 
gene; NPKl probe 2: 1.8 kb NPKl gene with its promoter and terminator. 
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Figure 2. Southern blot analysis of P84 and A4 transgene events. Ten micrograms of 
genomic DNA were digested with EcoR I (P84 events) or Stu I (A4 events) and probed 
with 0.8 kb NPKl probe. Ctr-, negative control, genomic DNA from non-transformed 
maize inbred line B73; Ctr+, one copy of positive control, non-transgenic maize 
genomic DNA spiked with 27 pg of pSHX002 plasmid DNA digested with EcoR I 
(Blot A) or 62 pg of pSHX004 plasmid DNA digested with Stu I (Blot B). A. Samples 
from P84 transgenic events generated from particle bombardment. B. Samples from 
A4 transgenic events generated from /tgroAac/erfwrn-mediated transformation. C. 
Southern blot of A4-1. lx Ctr+ and 10.x Ctr+ are to one copy and ten copy positive 
control, non-transgenic maize genomic DNA spiked with 62 pg and 620 pg of 
pSHX004 DNA, respectively. 
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Figure 3. Correlation of transgene copy number and transformation methods. High, 
high copy number, greater than 10; Med, Medium copy number, between 3 to 9; Low, 
low copy number, less than 3; Agro, Agrobacterium-derived events; Gun. particle 
bombardment-derived events. 
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Figure 4. RNA blot analysis of P84 and A4 transgenic events. The ethidium bromide 
gel shown below is the loading control. The RNA gels were probed with a 32P-labeled 
NPKl gene fragment. RNA from non-transformed maize inbred event B73 used as 
negative control (Ctr -). 
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Figure 5. Correlation of transgene gene expression level and transformation methods. 
Low, low expressers, the relative RNA amount <0.1; Med, medium expressers, the 
relative RNA amount between 0.1 to 0.5; High, high expressers. the relative RNA 
amount >0.5; Agro, Agrobacteriurn-derivcd events; Gun, particle bombardment-
derived events. 
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Figure 6. Integration of the Agrobacterium binary vector backbone DNA into 
transgenic maize events. A, P35S*-bar-Tvsp, bar gene with its double 35S promoter 
and KS? terminator; P35S**-NPKl-Tnos, NPKl gene with its modified 35S promoter 
and nos terminator; LB, 25 bp direct repeat of left border; RB. 25 bp direct repeat of 
left border; 1 to 9; binary vector fragments outsides of T-DNA regions; coordinates of 
the primers designed from these region for PCR amplifications is shown in Table 4. 
B, PCR amplifications of backbone DNA fragments; lanes 1 to 9 correspond to the 
fragment 1 to 9 labeled on Figure 6A; H20, negative water control. 
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Summary 
Cold acclimation is the major process that prepares plants for freezing tolerance. In addition 
to extensive transcription regulation by cold-inducible master transcription factors (CBFs and 
DREBs), oxidative stress signaling has been postulated to play a role in freezing tolerance. 
Activation of oxidative signaling through the expression of a MAP kinase kinase kinase 
(MAPKKK) could provide benefits in transgenic tobacco at freezing temperature. Since 
MAPK cascade in oxidative stress signaling is evolutionarily conserved in eukaryotes from 
yeast to mammals, we test the effect of expressing a heterologous tobacco MAPKKK 
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(NPKl) that can mimic H2O2 signaling in a major cereal crop. We show here that a low-
level of NPKl expression enhances freezing tolerance in transgenic maize plants that are 
normally frost sensitive. Consistent with the effect of mild H2O2 pretreatment, our studies 
suggest a new molecular device to genetically enhance freezing tolerance in important crops 
in the world. 
Introduction 
Freezing is a major environmental stress that limits productivity and geographical 
distribution of crop species. Tremendous efforts have been made to improve the freezing 
tolerance in agronomic plants through conventional breeding programs. Little success, 
however, has been achieved because of the limited availability of germplasm with freezing 
tolerance and the complexity of the genetic control of the trait (Jaglo-Ottosen et al., 1998). 
Recently, significant advance in the discoveries of genes, transcriptional factors, and 
signaling networks involving in the control of plant freezing tolerance has been attained 
(Kovtun et al., 2000; Shinozaki and Yamaguchi-Shinozaki, 2002; Thomashow. 2001 ). 
Genetic transformation is considered as a promising alternative approach to improve freezing 
tolerance in plant. 
Plants acclimate to environmental stresses by activating cascades or network events 
initiating with a stress perception and ending with the expression of many other genes 
(Pastori and Foyer, 2002). The alterations of other gene's expression by the acclimation 
process commonly result in enhancing stress tolerance in plants (Guy et al., 1990; 
Thomashow, 1999 and 2001). For instance, the promoters of some cold responsive genes 
can be induced by low temperature and dehydration stress (Thomashow 1999, 2001). 
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Further investigation showed that there is a DNA regulation element, the C-repeat (CRT) 
dehydration responsive element ( DRE) containing the conservative sequence CCGAC in the 
promoter regions of these cold-responsive genes (Thomashow 1999, 2001). Using genetic 
engineering strategy to accumulate these cold-responsive proteins in plants have shown 
promising results in the improvement of freezing tolerance. Overexpression of the cold-
regulated gene COR 15a in Arabidopsis resulted in the increase of freezing tolerance of 
chloroplasts in vivo and protoplasts in vitro (Alius et al., 1996). Constitutive expression of 
the transcriptional activator CBFl that binds to the CRT DRE sequence of COR genes and 
induces the expression of COR genes, has increased the freezing tolerance in Arabidopsis 
plants (Jaglo-Ottosen et al., 1998). Overexpression of transcriptional factor fCWjy 
in Arabidopsis activated the expression of six other stress tolerance genes, including RD29A. 
KIN 1. COR6.6/KIN2, COR47/RD17, COR 15A, and ERD10 under normal growing conditions 
and resulted in improved tolerance to drought, salt, and freezing (Kasuga et al., 1999). 
Gilmour et al. (2000) demonstrated that CBF3 transgenic Arabidopsis conferring enhanced 
freezing tolerance because it mimicked the multiple biochemical changes associated with 
cold acclimation. 
In addition to cold induced signaling pathway, oxidative stress signaling is also 
postulated to plays a role in freezing tolerance. Under different abiotic and biotic stresses, 
plant accumulates active oxygen species (AOS), including hydrogen peroxide (H2O2). While 
large amount of H2O2 accumulation leads to inevitably programmed cell death, relative small 
amount of H1O2 modifies gene expression in the way to enhance plant defense responses 
(Pastori and Foyer. 2002). It has been shown that pretreatment with H2O2 increased chilling 
tolerance in maize (Prasad et al., 1994) and tomato (Kerdnaimongkol et al., 1997). It also 
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has been shown that H2O2 can induce the synthesis of heat shock proteins, which in turn, 
protect plants from high and low temperature stresses (Pastori and Foyer, 2002). 
Accumulation of heat shock proteins by both exposed to high temperature or transgenic 
approach has shown a significant increase in chilling tolerance in tomato (Li et al., 2003; 
Sebehat et al., 1996). 
Although it is clear that oxidative signaling cascade plays important role on plant 
response to stresses, little is known about components and the mechanism of the oxidative 
acclimation process. Kovtun et al. (2000) demonstrated that mitogen-activated protein 
kinase (MAPKs) was involved in oxidative stress signaling in Arabidopsis. FLO2 induced 
the expression of an Arabidopsis MAPK kinase kinase (ANPl ). The activated ANPl 
initiated the AMPK cascade that induced specific stress-responsive genes, such as HSP18.2 
and GST6 and protect plant from stress. Transgenic tobacco that constitutively expressed 
NPKl (Nicotiana protein kinase 1), an ANPl orthologue, showed enhanced tolerance to 
freezing, salt, and heat stresses in transgenic tobacco (Kovtun et al., 2000). Because the 
catalytic function of NPKl in a signal transduction pathway is conservative among different 
organisms (Banno et al.. 1993), we prospected that the expression of the gene will increase 
the stress tolerance in other plant species, such as the major agronomic crop - maize. 
Maize originated from subtropical regions and belongs to frost-sensitive plants 
(Miedema, 1982). Low temperature stresses, including chilling and frost, greatly affects the 
germination and growth of the plant, and limits the geographical distribution of the crop. In 
this study, we generated transgenic maize plants that constitutively express a tobacco NPKl 
gene. The transgenic plants and their null segragants were tested for the freezing tolerance. 
Electrolyte leakage, which measures the loss of cytoplasm from the cell through the damaged 
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membranes by determining electrical conductivity of water extract of leaf discs, was used as 
an indicator to monitor the performance of plants under freezing conditions. Our results 
show that expression of tobacco NPK1 gene enhances the freezing tolerance in transgenic 
maize plants. To our knowledge, this is the first report in which the trait of freezing 
tolerance was achieved through a constitutive expression of MAPK. gene in maize. 
Results 
7VPAV transgenic maize and expression of transgene 
An 1800 bp fragment containing a modified CaMV 35S promoter (Sheen, 1993), a DNA 
fragment encoding the 268 amino acid kinase domain of Nicotiana protein kinase 1 (NPK1), 
and the NOS terminator (Figure 1) was introduced into maize using Agrobacterium-mediated 
transformation (Frame et al., 2002). Twenty-two transgenic maize events, designated as A4, 
were produced from Hi II immature zygotic maize embryos. The plants regenerated from 
tissue-culture medium (R0) were crossed with hybrid Hi 11 or inbred line B73 to make R, 
plants. 
Plant height (PH) and leaf number (LN) of R, plants from 22 7VPÂV transgenic events 
were evaluated in the field during the summer of 2002. Five transgenic plants and five null 
segregants per event were evaluated (Table 1). Statistic analysis showed that significant 
differences existed among different transgenic events in these two agronomic traits 
(P<0.0001 for both PH and LN). Since the hybrid Hi II was used in the transformation 
experiment, and the R, seeds were generated through either crossing with non-transgenic Hi 
II plants or with inbred line B73 (one of the parent lines for the generation of Hi II, 
Armstrong et al., 1991), the differences in plant height and leaf number in R1 generation can 
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be attributed to the segregation of these traits. However, no significant difference was 
detected between transgenic plants and their null segregants of the same event (P=0.3841 for 
PH and P=0.6943 for LN), suggesting that the NPKl transgene has no impacts on maize 
plant growth under normal growth condition. The null segregants were served as negative 
control for the evaluation of transgene in maize plants. 
Because of the limited sensitivity. Northern analysis is not able to detect the 
transcripts of NPKl gene in the leaves of all A4 transgenic maize (data not shown ). A real­
time reverse transcription (RT)-PCR analysis was carried out to determine the expression 
levels of NPKl transgene. In this analysis, the amount of NPKl transcripts in each of the 
transgenic samples was detected by a quantitative PGR reaction followed a reverse 
transcription (RT) reaction. Results showed that all transgenic events expressed the NPKl 
gene although the expression levels of transgene were different (Table 1). Three transgenic 
events A4-1. A4-9, and A4-15 representing three different levels of NPKl gene expression 
were selected for further freezing test. Among these. A4-15 had the highest level of NPKl 
gene expression. A4-9 and A4-1 represented the medium and low expresser, respectively. 
Effect of NPKl on freezing tolerance 
To investigate whether constitutive expression of NPKl gene in maize provides protection 
against freezing stress, we performed two freezing tests: a graduated freezing test and a 
constant freezing test on transgenic events A4-1, A4-9, and A4-15. Considering the genetic 
variation among these transgenic events, we used the null segregants from each transgenic 
event as the negative control. In the graduated freezing test, the temperature of the growth 
chamber was set at minus 1°C ( 1°C) and continually decreased at the rate of 1°C per hour 
until it reached a temperature of minus 6°C (- 6°C), while in the constant freezing test, the 
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temperature was constant at minus 5°C (- 5°C). Cellular damage of treated seedlings due to 
freeze-induced membrane lesions was estimated by measuring electrolyte leakage (EL) from 
the leaves of frosted plants (Sukumaran and Weiser. 1972). The higher the EL percentage, 
the more severe the damage to the plant membrane, thus indicating that samples have less 
tolerance to the freezing challenging. 
For each treatment, six leaf samples from three plants per event (two samples per 
plant, six samples per event) were employed to measure the electrolyte leakage. The leaf EL 
increased with decrease in the environmental temperature (Figure 2). When the temperature 
dropped to -4°C, the EL of negative seedlings of A4-15 increased extensively, indicating that 
severe membrane damage had been caused by the freezing stress. The EL of transgenic 
plants of A4-15, on the other hand, did not increase until the temperature dropped to -6"C 
(Figure 2 A). This result indicates that transgenic maize event A4-15 was able to tolerant 2°C 
lower freezing temperature than its negative siblings. Similarly, EL of transgenic events A4-
9 did not increase until the environmental temperature reached -5°C, which is 1"C lower than 
that of its negative siblings (Figure 2B). Figure 4A illustrated that non-transgenic seedling of 
A4-9 started to show freezing damage when temperature was reduced to -4°C and was totally 
killed at -5°C. The transgenic plant, on the other hand, did not show any damage at -4°C and 
was only partially damaged at -5°C. 
The increased freezing tolerance in transgenic plants of events A4-15 and A4-9 were 
confirmed in the constant freezing test. EL of A4-15 transgenic plants did not significantly 
increase until 5 hours at -5*C temperature. EL of A4-15 negative siblings, however, 
increased to 57% and 90% after 3 and 4 hours of -5*C treatment, respectively (Figure 3A). 
This result indicates the transgenic A4-15 plants can survive 1-2 more hours than its negative 
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siblings at temperature of -5°C. Figure 4B showed that the null segregants of A4-15 were 
killed after 4 hours of -5°C freezing treatment, while the transgenic seedlings survived. A 
similar difference of freezing tolerance between transgenic plants and their non-transgenic 
siblings was observed in event A4-9, in which transgenic plants survived for 3 hours at -5°C, 
while the negative siblings can only survive for 1 hour (Figure 3B). 
Interestingly, transgenic plants of events A4-1 did not have any advantage over the 
negative siblings in both the graduated freezing test and the constant freezing test (Figure 2C 
and Figure 30). EL of both transgenic and negative siblings increased when temperature 
dropped to -3°C in the graduated freezing test and after 4 hours of -5°C in the constant 
freezing test. This result, combined with the fact that the transgenic event A4-1 had the 
lowest expression level of NPKl gene (Tablel ). suggests that the effect of expression of 
NPKl gene on enhancement of maize seedlings freezing tolerance is proportionate to the 
transgene expression level. 
Effects of NPKl on sugar metabolism in maize 
A positive correlation between freezing tolerance and soluble sugar content has been 
documented in a number of studies (Gilmour et al., 2000; Potis, 1989; Sakai and Yoshida. 
1968; Yoshida et al., 1998). Soluble sugars as crytoprotcctants and osmolytes can protect 
cells from freezing damage (Xin and Brower, 2000). We measured the sugar contents in the 
transgenic plants and their null segregants of events A4-9 and A4-15 before cold acclimation, 
and 24-hour and 48-hours after 4°C cold acclimation. The second leaves of five three-leaf 
stage seedlings were pooled for measuring the contents of total soluble carbohydrate (TSC) 
(Figure 5), as well as individual soluble carbohydrate such as sucrose, glucose, and fructose 
contents (Figure 6). As shown in Figure 5, NPKl expressing transgenic plants from both A4-
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9 and A4-15 have higher TSC contents compared to their negative siblings in all cold 
treatments. Cold acclimation after 24 hour and 48 hour significantly increased the TSC 
levels in all plants (PO.Ol). Under normal growth condition, transgenic plants from event 
A4-9 contained significantly higher TSC compared with its null segregants (P<0.0246). The 
level of TSC in the non-acclimated A4-9 transgenic plants was higher than that in the cold-
acclimated non-transgenic siblings. Further analysis indicated that the difference of TSC 
between transgenic and non-transgenic plants was resulted from the difference in glucose and 
fructose content (Figure 6). No difference in sucrose content between transgenic and non-
transgenic seedlings was detected (data not shown). 
Effect of NPKl on the expressions of other stress-related genes 
It has been documented that constitutive!)' active NPK.1 mimics an oxidative stress signal and 
induces MAPKs cascades (Kovtun et al., 2000). To investigate whether the same mechanism 
was responsible for the enhanced freezing tolerance in 7VPÂV transgenic maize, we compared 
the expressions of other stress-induced genes between transgenic and non-transgenic plants 
with or without cold acclimation using a fiber-optic microarray (FOMA). Compared with the 
regular cDNA array the FOMA uses short probes (20-24 nucleotides) to detect the target 
sequence. It allows distinguishing the subtle sequence differences of RNA, thus the results 
are more accurate and reliable than the regular cDNA array, in which long probes were used 
(Yeakley et al., 2002). In addition, the FOMA technology allows hybridizing multiple 
samples and compared gene expression profiles from multiple treatments. 
We selected twenty eight maize expressed sequence tags (ESTs; Table 2) sequences 
from Maize Genome Database (ZMDB, http: \vwvv.zmdb.iastate.edu/cgi-
b i n Z m D B b 1 a s t Z M D B ) based on the protein sequences of putative stress-related 
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or tobacco orthologies (Brodersen, 2002; Cheong et al., 2002; Desikan el al., 
2001; Huang et al., 2002; Ishitani et al., 1998; Liu et al., 1997; Thomashow. 1999; Vranova 
et al., 2002). In addition, the housekeeping gene-18S rRNA gene and the transgene 7VPÂV 
also were included. 
The expressions of the selected genes were detected as signals in the FOMA. The 
ratio of the gene expression in transgenic plants over their null segregants was used to 
determine whether the gene was upregulated by the expression of NPKl gene. When the 
average ratio of three transgenic events is greater than 1.5 under normal growth condition 
(non-acclimated), the gene is defined as upregulated by the transgene. As shown in Table 3, 
among the 28 stress-related genes tested six genes were found to be upregulated. They 
included a dehvdrin element responsive binding protein gene (DREBI), two ethylene 
responsive element binding proteins (EREBP and EREBP1) genes, a glutathione-S-
transferase (GST) gene, and a small heat shock protein (HSP17.5) gene (Figure 7). 
DREBI is a transcriptional factor, which can activate numbers of cold - or 
dehydration - induced genes containing a dehydrin-responsive elementC-repeat element 
(DRE CRT). DREBs have been shown to be induced by low temperature or water deficit 
(Thomashow, 2001). In our experiment, the expression of DREBI gene was extensively 
induced by cold acclimation (Figure 7) in both transgenic and non-transgenic plants as well 
as by the constitutive expression of NPKl gene in both normal growth and cold acclimated 
condition (Table 3). In the highest expresser A4-15, DREBI gene expression in the 
transgenic plants was 1.87 and 2.30 fold higher than their negative counterparts, under 
normal or cold acclimated growth condition, respectively (Table 3). DREBI expression in 
transgenic plants of A4-9 was 1.41 times higher than in the negative plants under normal 
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growth condition. Cold acclimation increased the difference of DREBI gene expression 
between transgenic and non-transgenic plants to 1.74 fold. The difference in DEBP1 
expression between the transgenic plants of the lowest expresser A4-1 and their null 
segregants was not obvious (1.16 fold) until seedlings were exposed to cold acclimation 
(1.69 fold). Our data indicates that the constitutive expression of NPKl gene had the similar 
impact on the DREBI gene expression as the cold acclimation did. 
Ethylene responsive element binding proteins (EREBP) are transcriptional factors 
that bind to ethylene responsive elements (GCC boxes) in numbers of stress-regulated gene 
promoters (Onate-Sânchez and Singh, 2002) and mediated signal transduction in plant 
responses to various hormones or environmental stresses. Our data showed that cold 
acclimation did not increase the expression of EREBP and EREBP 1 genes (Figure 7). 
However, the expressions of both EREBP and EREBP 1 were higher in the transgenic plants 
than in the non-transgenic segregants in a majority of treatments and events (Table 3). 
Glutothione S-transferase (GST) is an enzyme that plays roles on cellular 
detoxification to endobiotic and xenobiotic compounds. Previous research has shown that 
expression of NPKl-like Arabidopsis AN PI gene activated the promoter of a GST gene 
(Kovtun et al., 2000). As shown in Table 3, the expression of GST gene was enhanced by the 
constitutive expression of NPKl gene in all of the transgenic events under both non-
acclimated condition and cold acclimated condition except in event A4-1 under cold 
acclimated condition (ratio=0.92). The expression of the other GST gene (GST1), however, 
did not show difference between the transgenic events and non-transgenic events (data not 
shown). 
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The expressions of five different HSPs, including HSP 17.5, HSP 17. 7, HSP 101, 
HSP 17.4, and HSP83, were monitored in this experiment. Cold acclimation induced the 
expressions of HSP 17.5, HSP17.7, and HSP10L while the expressions of the other two HSPs 
were not changed by cold acclimation (data not shown). The constitutive expression of 
NPKl gene induced the expression of small HSP in events A4-1 and A4-9 in normal growth 
condition and in events A4-9 and A4-15 after cold acclimation. Interestingly, the level of 
sHSP in transgenic plants was greatly elevated in A4-9, which is not the highest ex presser of 
AfPÂV gene. 
Besides the DREBI and HSPs genes, cold acclimation induced the expression of 
some other genes, such as CCVM7 (cold regulated gene), and CŒ4 associated factor, (data 
not shown). However, there is no difference in the expression of these genes between the 
NPKl transgenic plants and their negative counterparts. 
Discussion 
As a tropical-originated crop, maize is a naturally frost sensitive crop. We show here for the 
first time that the freezing tolerance trait could be achieved in maize by constitutive!) 
expressing a transcriptional regulator, NPKl. We demonstrate that two transgenic maize 
events expressing a tobacco MAKKK gene, 7VPAV gene, were able to withstand up to two 
degrees (°C) lower freezing temperature compared to their negative siblings. The increases 
(2°C) in the freezing tolerance would dramatically minimize yield lost due to frost damage 
that often occurs in spring and fall season and stabilize the productivity of maize (Miedema, 
1982). 
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Cold acclimation is the major process that prepares plants for freezing tolerance 
(Thomashow. 1999). Using genetic engineering methods, genes involving in cold 
acclimation and their transcriptional factors have been transferred to plants to improve the 
freezing tolerance. While directly overexpressing COR/Ja in led freezing 
tolerance in chloroplasts and protoplast, it did not enhance the freezing tolerance in the whole 
plant (Artus et al., 1997). Ovcrexpression of the transcriptional factors CBFl/DREBlb 
( Jaglo-Ottosen et al., 1998) and CBF3/DREB1 a (Kasuga et al.. 1999; Gilmour et al., 2000) 
induced the expression of several COA? genes and enhanced freezing tolerance in transgenic 
/fraWopsù. Fowler and Thomashow (2002) showed that only 12% of the cold-responsive 
genes are certain members of CBF regulon and at least 28% of the cold-responsive genes 
were not regulated by CBF transcription factors, indicating that there were regulatory 
pathways other than CBF regulon involved in the cold acclimation process. Alteration of one 
of these multiple stress regulatory pathways could provide adaptive response in plant, thus 
protect plant from the stress. 
In this study, we expressed a tobacco MAPKKK gene (7VPÂV) that involves in HoO; 
signal pathway (Kovtun et al., 2000) in maize. The transgenic maize plants conferred 
enhanced freezing tolerance in two of three events analyzed. Our data demonstrated that 
oxidative signal pathway is one of the multiple pathways regulating plant response to stress. 
Prasad et al. (1994) observed that cold acclimation process created a mild oxidative stress in 
maize seedlings, which consequently induced chilling tolerance. Pretreatment maize 
seedling with H2O2 can achieve similar chilling tolerance. Our results showed that the active 
NPKl gene mimicked oxidative signal to induced the expression of several stress responsive 
genes and protect maize plants from freezing tolerance. Arabiclopsis CBF3 (Gilmour et al., 
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2000) and CBF/ (Jaglo-Ottosen et al., 1998) overexpression lines were able to tolerant 
temperatures 3.5°C and 3.3°C, respectively, below those temperatures tolerated by 
nomransgenic control plants without cold acclimation. Our best NPKl transgenic maize 
event ( A4-15) was able to tolerant 2°C lower freezing temperature than their negative control 
plants. Considering the fact that maize is a thermophilic crop and Arabidopsis is a winter 
plant species, the freezing tolerance obtained in this study is as significant as CBF transgenic 
Mitogen-activated protein kinase (MAPK) cascades play multiple essential roles in 
many cell signal transduction networks, including cellular defense, cellular response to 
phytohormones. cell cycle control, induction of programmed cell death, and responses to 
stress signal (Samuel and Ellis, 2002). As members of MAPKKK family, NPKl and its 
/fraWqpAÂs orthologous genes AW/2/3 play critical roles in cytokinesis (Nishihama et al., 
2001), nuclear localization (Ishikawa et al., 2002), auxin signaling transduction (Kovtun et 
al., 1998), and oxidative stress signaling pathway (Kovtun et al., 2000). While suppression 
of NPKl results in abnormal cell division (generating multinucleate cells with incomplete 
cell plates; Nishihama et al., 2001 ), overexpression NPKl at a high level causes detrimental 
effects in embryogenesis and seed development (Kovtun et al., 1998). In the present study, 
we did not observed significant difference in vegetative or reproductive development 
between transgenic maize plants and their non-transgenic segregants under non-stress 
condition. This can be explained by the fact supported by the following evidence that our 
transgenic maize only expressed NPKl gene at mild level. Firstly, we were not able to detect 
the DMA-tagged NPKl protein although the NPKl transcripts existed in these transgenic 
maize events (data not shown). In addtion, the transformation efficiency for the NPKl 
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constructs was significantly lower than other constructs transformed in the same experiment. 
The transformation efficiency in the Agrobacterium-mediated transformation of NPKl 
construct (pSHX004) was 3.4%, lower than the 5.5% with construct pTF102, the derivatives 
of same base vector (Frame et al., 2002). In a separate experiment that used particle 
bombardment for the transformation, the transformation efficiency for a construct containing 
NPKl gene (pSHX002; Shou et al., unpublished) was 6.4%, while that of other construct in 
the same batch of the experiment were around 10%. The reduced transformation efficiency 
could be caused by the death of the highest NPKl expressers during transformation process. 
Kasuga et al. (1999) showed that stress-inducible rd29A promoter could minimize the 
negative effects on the growth of the DREBI A transgenic plants because the transgene was 
not significantly expressed until the plants exposed to dehydrate conditions. Under stress 
condition, the rd29A promoter was induced and resulted in higher expression of DREBI A 
protein than did the 35S promoter construct. The resulted DERB1A transgenic plants driven 
by rd29A promoter conferred greater stress tolerance than did the 35S promoter. Similar 
strategy can be used in the case of NPKI transgenic plants. The stress-inducible promoter 
will control NPKl gene only expressed with the presence of the environment stress. It might 
allow us to achieve higher NPKl gene expression than did the constitutive promoter, and 
therefore generated stress tolerance transgenic maize more effectively. 
Kovtun et al. (2000) reported that overexpression of TVPAV-like 
gene mimicked the H2O2 effect and activated expressions of oxidative stress-inducible genes, 
including GST6 and HSP 18 in a transient study. In this study, we found that, in addition to 
the reported HSP gene and GST gene, stress-induced transcriptional factors DREBI, EREBP, 
and EREBP 1 also were induced by the active NPKl. These genes were reported to be 
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activated by H2O2 (Desikan et al., 2001), thus are members of oxidative signal pathway. Our 
data confirmed that NPKl activated MAPK cascade involved in oxidative signal 
transduction. The extent of gene upregualted by expression of NPKl gene ranged from 1.4 
to 3.42 under normal growth condition or cold acclimated condition. The effect of NPKl on 
the alternation of downstream genes was not as significant as that of CBFs (Seki et al., 2001 ; 
Fowler and Thomashow, 2002). This might be because the transgenic maize events achieved 
in the study are low level expresser as discussed above. Our microarray data showed that all 
three transgenic events had similar alterations in the expressions of stress genes tested. The 
freezing test results, however, indicated that the acquired freezing tolerance from the 
activation of NPKl transgene is proportional to the level of transgene expression. Transgenic 
maize events A4-9 and A4-15 that expressed NPKl gene at higher levels conferred an 
increasing freezing tolerance in their seedling stage, whereas the low expresser A4-1 did not 
show the improvement of freezing tolerance. It is possible that there are genes other than 
those we used in the microarray experiment that also contributed to improve freezing 
tolerance. A large-scale microarray analysis that profiles the difference of gene expression 
between NPKl transgenic maize and their negative control in detail should help to 
understand the issue. 
Soluble sugar servers as cryoprotectants and osmolytes to stabilize membrane and to 
prevent dehydration during freezing (Xin and Browse, 2000). Gilmour et al. (2000) showed 
that overexpression of C&FJ mimicked cold acclimation process and enhanced the levels of 
total soluble sugar and proline. In this study, we showed that transgenic plants contained 
higher level of sugar content than did the non-transgenic segregants. It is likely that the 
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active NPKl has induced some cold-acclimation like biochemical process to obtain the 
higher level of sugar content although the detail picture of the whole pathway is not clear. 
In the current study, the maize material used for genetic transformation was derived 
from a hybrid. Hi II, a germplasm amenable for Agrobacterium-msdiated transformation 
(Frame et al., 2002). Genetic segregation in transgenic plants is expected in the subsequent 
generations. While we used the null segregants in this experiment to minimize the impact of 
segregation, the comparison would be more sensitive if the genes could be analyzed in an 
inbred background. 
Experimental procedures 
Constructs and maize transformation 
Transgenic maize plants were achieved by Agrobucterium-mediated transformation. Binary 
vector pSHX004 contains a gene of interest (GOI) driven by a modified 35S promoter 
(Sheen. 1993) and the Streptomyces hygroscopicus bar gene driven by double 35S promoter. 
The GOI is an 800 bp DNA fragment, encoding the kinase domain of Nicotiana protein 
kinase kinase kinase (A%W/, genbank access number D26601). ,4gro6acfer;ufM strain 
EHA101 harboring the binary vector was used to transform 
Hi II maize immature embryo as described (Frame et al., 2002). R@ transgenic plants were 
crossed with hybrid Hi II or inbred line B73 to produce R, seeds. 
PGR analysis 
R, transgenic seedlings were screened for the presence of NPKl transgene using PGR 
analysis. DNA was extracted from maize leaf samples using the GTAB method (Murray and 
Thompson, 1980). Primers GGCTGCAGGAATTCTCACATGT and 
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GCTOCCGAAGTCATTOTGOA were used to amplify a 646 base pair fragment of DNA, 
containing part of the transgene and the NOS terminator. PGR reactions were carried out in a 
total volume of 20 ml containing 50-100 ng of genomic DNA. lx PGR buffer. 3mM of 
MgCh, 0.2 jiM of forward and reverse primers, 0.2mM of dNTP and 1.5 unit of Taq 
polymerase. PGR reaction includes DNA denaturing 3 minutes at 94°C followed by 30 
amplification cycles (94°G, 1 minute; 55°G, 1 minute, 72*0, 1 minute) and a final extension 
step at 72°C, 10 minute. 
Real-time reverse transcription polymerase chain reaction (RT-PCR) 
RNA was extracted using Trizol reagent and then treated by RNase-free deoxyribonuclease 
according to the manufacturer's directions (lnvitrogen Life Technologies, Carlsbad, G A, 
USA). After removing DNA, RNA samples were reverse-transcribed using 
SUPERSCRIPT™ RNase H- Reverse transcriptase from the same company. Taq m an assay 
was used to detect the amount of NPKl cDNA in all samples. The 18S small unit ribosomal 
RNA gene (Genebank accession number AF168884) served as endogenous controls for the 
RNA quantification. The internal oligonucleotide probes specific for NPKl gene were 
labeled at the 5' end with F AM and at 3' end with BlackHole Quchencher-1 while the probe 
for 18S rRNA gene was labeled at the 5'end with TA MR A and at 3' end with BlackHole 
Quchencher-2. All of the primers and probes were synthesized and labeled by Integrated 
DNA Technologies (Coralville, I A, USA). 
Real-time PGR primer and probe sequences were as follows: NPKl- forward, 
ctctcccatcccaacatag; NPKl-reverse, gagccaccaggaacaaat; NPKl-probe, 
cctgctctcttgcagttcccaaatatc; 18S rRNA-fbrward, acgaacaactgcgaaagc; 18S rRNA-reverse, 
cggcatcgtttatggttg; 18S rRNA-probe, aggacggtatctgatcgtcttcgagcc. Real-time PGR reactions 
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were conducted using iCycler iQ Detection System (Bio-Rad Laboratories Inc., Hercules. 
CA). Serial dilutions of pi asm id DMAs from pSHX004 (Figure 1), containing the NPKl 
gene and pSHXOO? (Shou et al, 2002), containing the 18S rRNA gene fragment were used to 
generate standard curves in the cDNA quantification. PGR reactions were performed in a 
total volume of 25 jal containing 50 ng of maize genomic DNA, 1X PGR buffer, 500 fiM 
each dNTP, 0.4 jaM of each primer, 0.2 pM of probe and 1.25 U of Platinum Tag Polymerase 
(Invitrogen Life Technologies, Carlsbad. CA, USA). PGR reaction conditions were as 
follows: Initial PGR activation 95°C for 3 minutes, followed by 35 amplification cycles 
(94"C, 30 seconds, 55°C. 45 seconds). All samples were tested in triplicate. 
To account for inherent variation in the amount of starting material between samples, 
the amounts of NPKl cDNA detected by real-time PGR were normalized by dividing them 
with their corresponding amounts of the 18S ribosomal RNA gene. 
Plant material and freezing tolerance tests 
Maize seeds were germinated and grown in a growth chamber (PGV36, Conviron 
Instruments, Winnipeg, MB, Canada) at 25°C with 14 hours of light. At three-leaf stage, 
maize seedlings were exposed to a graduated freezing condition or to a constant freezing 
condition in a growth chamber. In the graduated freezing treatment, the temperature of the 
growth chamber was set at -1°C and programmed to decrease to -6°C at the rate of 1°G per 
hour. In the constant freezing treatment, the temperature of the growth chamber was set at -
5*0. Before moving the plantlets into the freezing condition, the seedlings were sprayed with 
a layer of water on the leaves to initiate the formation of ice. Three plants were cut for 
measuring electrolyte leakages each hour in the growth chamber in both freezing treatments. 
Once cut, two leaves from each plant were sampled for measuring electrolyte leakage. 
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Electrolyte conductivity 
For each treatment, six leaf samples from three plants per event (two samples per plant, six 
samples per event) were sampled to measure the electrolyte leakage. Sampled leaves were 
rinsed to remove the possible ion contamination on the surface. Leaf discs from each plant 
were punched using a standard three-hole puncher and placed into a 20x150 mm glass test 
tube (Fisher Scientific, Pittsburgh. PA) containing 15 ml distilled water. The test tubes were 
subjected to vacuum three times at five-minute intervals at 60 psi to remove air bubbles 
adhered to the surface of leave. The tubes then were shaken at 300 rpm for 2 hours in a 
slanted position. Once shaken, the conductivity of the solution was measured using a 
conductivity meter (Yellow Springs, OH. Model 35). After the initial electrolyte 
conductivity measurement, the tubes were autoclaved at 122°C for 20 minutes to completely 
lvse the plant cell walls. The electrolyte conductivities of autoclaved solutions were recorded 
as the absolute conductivity. The percentage of electrolyte leakage was calculated by 
dividing the initiate conductivity by the absolute conductivity. 
Soluble carbohydrates content 
Ri seeds of transgenic events A4-9 and A4-15 were germinated and grown in a growth 
chamber at 25°C with 14 hours of light until three-leaf stage. For cold acclimation, the 
temperature of the growth chamber was set at 4°C. Plantlets were moved from 25°C to 4°C 
for 24 hours or 48 hours, respectively, before samples were taken for sugar content 
measurement. Samples of the second leaf from five transgenic and non-transgnic plants of 
events A4-9 and A4-15 were collected before the cold acclimation started, and 24 hours and 
48 hours after cold treatment. Two replications were included in the experiment. 
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The collected leaf samples then were lyophilized and homogenized. Soluble 
carbohydrates were extracted with 20 ml of 80% ethanol solution for 24 hours at 4"C. The 
insoluble residual was removed by centrifuging at 5000g for 10 min. Total sugar content was 
determined by the phenol-sulphuric acid method (Dubois et al., 1956). Fructose, sucrose, 
and glucose contents were measuring using the corresponding assay kits from Sigma (St. 
Louis. MO, USA) following the manufacturer's instructions. Final sucrose content was 
adjusted by subtracting two times the glucose content from the reading of sucrose because 
the kit reads glucose as well as sucrose (the manufacture's comment). 
Sequences of maize genes for microarray 
Protein sequences of stress related Arabidopsis or tobacco genes (Table 2) were used to run a 
BLAST search against maize genome database (ZMDB, http://www.zmdb.iastate.edu/cgi-
bin ZmDBb 1 ast/ZMDB) for the maize homologies. Twenty-eight maize tentative unique 
genes (TUG) were selected for the microarray (Table 2). 
Fiber-optical microarray analysis 
A fiber-optic microarray (Bead ArrayIM) analysis was carried out to identify the different 
expression patterns of the selected genes (including the transgene NPKl, Table 2) between 
the transgenic plants and their negative siblings under normal growth conditions or after 48 
hours of 4°C cold treatment. Each RNA sample was extracted from a pool of leaves from 
five different seedlings using TRizol reagent (Invitrogen Life Technologies, Carlsbad, CA, 
USA) according to the manufacturer's instructions. For each gene, four unique target sites, 
each containing 20-24 nucleotides, were interrogated. Array manufacture, sample 
preparation and hybridization were performed as Yeaklev et al. (2002) described. Briefly, 
cDNA was synthesized from 1 gg of total RNA with StrataScript reverse transcriptase 
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(Stratagene, La Jolla, CA) following manufacturer's suggestion. Synthesized cDNA was 
used as a template in a cDNA-mediated oligo Annealing. Selection, and Ligation reaction 
(DASL); and the ligated products were amplified and labeled by PCR. Labeled DASL.-PCR 
products then were hybridized to the bead array and visualized by a CCD camera (Yeakley et 
al., 2002). 
Statistical analysis 
Statistical significances on the agronomic traits and sugar contents were analyzed using SAS 
program (SAS Institute Inc. Cary, NC). 
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Table 1. Transgene expression levels, plant height, and leaf numbers In R, transegnlc 
plants and nontransgenic segregants 
Transgene Plant height (cm) Leaf number 
Events expression Pedigree Transgenic Non-transgenic Transgenic Non-transgenic 
levels1 Mean STD Mean STD Mean STD Mean STD 
A4-1" 0.1197 RoXHill 127.67 3.58 135.64 6.05 11.00 1.00 12.00 1.87 
A4-2 0.1955 B73XR* 143.00 12.49 159.51 5.17 11.00 1.00 11.40 1.34 
A4-3 0.1348 RoXHill 106.17 9.05 88.27 1.06 10.80 2.17 10.00 0.00 
A4-4 1.8421 B73XRg 131.80 19.60 NA NA 10.40 0.55 NA NA 
A4-5 0.6551 R„ X Hi II 121.67 2.22 119.63 4.28 10.60 0.55 10.60 0.55 
A4-8 0.2171 Ro X Hi II 136.14 3.90 144.27 4.49 13.20 1.48 12.80 1.10 
A4-9" 0.5401 B73XRo 164.34 5.54 152.15 3.32 12.60 1.67 11.40 0.89 
A4-10 0.1686 Hi IIXRo 110.49 2.55 122.34 3.69 9.40 1.14 11.00 1.00 
A4-13 0.6960 R o X H i l l  126.37 2.33 123.95 4.92 10.00 0.82 10.40 0.55 
A4-14 0.7887 RoXHi II 110.24 6.65 111.76 5.28 11.00 0.00 11.40 0.55 
A4-15" 2.0981 R0 X Hi II 112.01 1.39 116.59 3.42 11.60 0.89 11.20 0.84 
A4-16 01492 RoXHI M 109.22 4.29 105.66 5.03 10.00 0.71 10.20 0.45 
A4-17 0.6560 RoXHill 102.87 5.68 120.14 9.78 10.00 1.22 10.60 1.14 
A4-18 0.2832 Ro X Hi II 99.82 8.19 98.55 4.96 10.00 0.71 9.80 1.64 
A4-19 1.1698 R0 X Hi II 106.93 6.39 102.87 11.78 10.40 1.14 10.20 0.45 
A4-20 0.0890 R o X H i l l  124.46 4.58 107.95 4.77 11.33 0.58 11.33 1.53 
A4-22 0.9031 Ro X Hi II 122.68 2.97 118.11 7.34 11.40 1.14 10.75 1.71 
A4-23 0.2190 Ro X Hi II 121.67 7.02 135.26 4.65 10.80 1.30 10.50 0.58 
A4-24 0.1056 Ro X Hi II 144.53 4.51 146.30 1.98 10.80 1.10 10.60 1.34 
A4-28 0.1336 B73XR* 151.13 4.21 156.46 4.10 10.40 0.55 10.20 0.84 
A4-29 0.2126 B73 X R1 151.64 4.87 158.75 5.07 11.40 1.67 11.00 1.22 
A4-32 0.1277 B73 X R% 158.75 3.71 165.42 1.89 11.00 0.71 11.50 1.91 
Transgene expression level was detected by real-time RT-PCR method and presented as the relative amount of 
RNA, which was calculated using the amount of NPK1 trranscripts divided by the amount of 18S RNA (Internal 
control) in each sample. 
*. The events were selected for freezing test 
NA, not available 
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Table 2. Genes used for microarray 
Genes EST access number Putative fuction Reference cited 
NPK1 (Nicotiana Protein Kinase) 
ADH (Alcohol dehydrogenase) 
Auxin-regulated protein 
Blue copper protein 
CCR4-associated factor 
COR47 (cold-regulated gene) 
DREB1 (dehydration-responsive 
element binding) 
EREBP (Ethylene responsive element 
binding protein) 
EREBP-1 (Ethylene responsive 
element binding protein) 
GPX2 (Glutathione peroxidase^) 
GR (Glutathione reductase) 
GST (Glutathione S-transferase) 
GST1 (GlutathioneS-transferase) 
HSP17.5 
HSP77.8 
HSP101 
HSP77.4 
HSP&3 
JA-inducible protein 
LOX1 (lipoxygenase) 
P5CS (5-pyrroline-5-carboxylate 
synthetase) 
Peroxidase 
PR1 (Pathogen related gene 1) 
PR2 (Pathogen related gene 2) 
PR5 (Pathogen related gene 5) 
Proline transporter 
Pyruvate decarboxylase 
RD22 (dehydration-responsive) 
LVRK/H 
D26601 
X00580 
TUC02-10-16-619.2 
TUC01-09-30-1263.1 
TUC02-07-26-9731 -1 
BM337639 
BM953485 
BU092546 
Transgene, signal transduction in 
oxiditive pathway 
Stress defense 
Signal transduction 
cellular organization and biogenesis 
Transcription factor 
Stress defense 
Transcriptional factor 
Transcriptional factor 
Banno et al., 1993 
Ishitani et al., 1998 
Cheong et al.. 2002 
Desikan et al.. 2001 
Desikan et al.. 2001 
Ishitani et al.. 1998 
Desikan et al., 2001 
Desikan et al., 2001 
BU572129 Transcriptional factors Desikan et al.. 2001 
TUC02-07-26-1389.2 Cellular protection and detoxifition Thomashow, 1999 
TUC02-04-2S-7376.1 Cellular protection and detoxifition Thomashow. 1999 
TUC02-07-26-9410.1 Cellular protection and detoxifition Vranova et al. . 2002 
TUC02-09-09-5639.1 Cellular protection and detoxifition Huang et al 2002 
BM267274 Cellular protection and detoxifition Desikan et al., 2001 
BU097877 Cellular protection and detoxifition Desikan et al., 2001 
AW257917 Cellular protection and detoxifition Desikan et al., 2001 
BU499390 Cellular protection and detoxifition Desikan et al., 2001 
TUC02-10-16-3582 1 Cellular protection and detoxifition Desikan et al.. 2001 
AW562671 Cellular protection and detoxifition Desikan et al.. 2001 
TUC02-10-16-1078.1 Oxylipin metabolism Vranova et al. , 2002 
TUC02-10-16-983 3 Cellular protection and detoxifition Liu et al., 1997 
TUC02-09-09-2229.1 Cellular protection and detoxifition Brodersen, 2002 
TUC02-07-26-1442.1 Cellular protection and detoxifition Brodersen, 2002 
TUC02-04-28-4452.2 Cellular protection and detoxifition Brodersen, 2002 
TUC02-07-25-12188.1 Cellular protection and detoxifition Brodersen, 2002 
TUC02-02-07-8772 1 Cellular protection and detoxifition Cheong et al.. 2002 
TUC02-02-07-15716.1 Metabolism Desikan et al., 2001 
BM078186 Stress defense Ishitani et al., 1998 
TUC02-02-07-15126.1 Transcription factor Vranova et al. . 2002 
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Table 3. Genes upregulated by NPK1 overexpression under normal or cold acclimation 
condition 
Genes 
Ratios* 
A4-1 A4-9 A4-15 
DREB1 
Non-acclimated 
48 hr-acclimated 
1.16 
1.69 
1.41 
1.74 
1.87 
2.30 
1.48 
1.91 
EREBP 
Non-acclimated 
48 hr-acclimated 
1.38 
1.83 
1.82 
2.12 
1.25 
1.53 
1.48 
1.83 
EREBP1 
Non-acclimated 
48 hr-acclimated 
1.92 
1.95 
1.83 
0.89 
1.01 
1.53 
1.59 
1.45 
GST 
Non-acclimated 
48 hr-acclimated 
1.67 
0.92 
1.94 
2.09 
1.54 
1.23 
1.72 
1.41 
HSP77.5 
Non-acclimated 
48 hr-acclimated 
2.63 
0.69 
6.85 
5.98 
0.77 
1.51 
3.42 
2.72 
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LB TEV 
H Tvsp 
P35S* 
bar NPK1 K^S-f 
Figure 1. T-DNA &agment of pSHX004.. LB, left border; RB, right border; bar, 
phospinothricin transferase gene; NPKl. Nicotiana protein kinase gene; P35S*, 2x 
CaMV 35S promoter (Odell et al, 1985); P35S**, a modified 35S promoter 
(35SC4PPDK, Sheen, 1993); TEV, tobacco etch virus 5' untranslated region 
(Carrington and Freed, 1990); Tnos, nopaline synthase terminator (Depicker et al, 
1982); Tvsp, soybean vegetative storage protein terminator (Mason et al., 1993) 
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Figure 2. Electrolyte leakages of transgenic and non-transgenic plants under graduated 
freezing conditions. Three-leaf stage seedlings were placed in the growth chamber at -
1°C and the chamber was programmed to decrease to -6°C at the rate of V'C per hour. 
Leaf discs were sampled per hour for measuring electrolyte conductivity. Samples 
before freezing treatment was used as CK. Percentage of electrolyte leakage is 
calculated by dividing the initiate conductivity by the absolute conductivity. A. Event 
A4-15; B . Event A4-9; C, Event A4-1. 
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Figure 3. Electrolyte leakages of transgenic and non-transgenic plants under -5°C 
constant freezing conditions. Leaf discs were sampled per hour for measuring 
electrolyte conductivity. A. Event A4-9; B . Event A4-15; C, Event A4-1. 
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Figure 4. Effect of freezing stress on A4-15 and A4-9 transgenic events. A. A4-15 
transgenic and non-transgenic seedling after 4 hour constant freezing treatment (-
5°C). B. A4-9 transgenic and non-transgenic seedling under graduated freezing 
treatment. 
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Figure 5. Effect of NPKI expression on the levels of total soluble carbohydrates. Total 
soluble extracts were prepared from second leaf of A4-9 and A4-15 transgenic plants 
and their negative siblings. All plants were grown at 25°C followed by 4°C cold 
treatment for 24 and 48 hours. Experiment was duplicated. A. Event A4-9; B. Event 
A4-15. 
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Figure 6. Effect of NPKl expression on the levels of specific soluble sugars. Total 
soluble extracts were prepared from second leaf of A4-9 transgenic plants and its 
negative siblings. All plants were grown at 25°C followed by 4°C cold treatment for 
24 and 48 hours. Experiment was duplicated. A. Glucose content in event A4-9; B. 
Glucose content in event A4-15; C. Fructose content in event A4-9; D. Fructose content 
in event A4-15. 
176 
B 
® A4-15 non-transgenic 
DA4-15 transgenic 
Œ 2000 
g] .  1 1  1 1  I  I  6  
NC AC NC AC NC AC NC AC NC AC 
DREB1 EREBP EREBP 1 GST HSP17.5 
Upregulated genes 
® A4-9 non-transgenic 
DA4-9 transgenic 
I 5000 
I 4000 
1 3000 
2000 
1000 m l  i  •o 
NC AC NC AC NC AC NC AC NC AC 
DREB1 EREBP EREBPl GST HSP17.5 
Upregulated genes 
®A4-1 nontransgenic 
6000 °A4-1 transgenic 
tj 4000 
i 3000 
JNCI 1 1  i ^ i  I  un 
NC AC NC AC NC AC NC AC NC AC 
DREB1 EREBP EREBPl GST HSP17.5 
Upregulated genes 
Figure 7. Genes upregulated by NPKl expression. A. Event A4-1 ; B. Event A4-9; C. 
Event A4-15. Acclimation treatment was performed at 4°C. NC, non-acclimated; AC, 
48 hour acclimated. DREB1, EREBP, and EREBPl are genes encoding dehydration-
responsive element binding proteins, ethylene responsive element binding proteins; 
GST and HSP17.5 encode glutathione-s-translerase. and small heat shock protein 
(molecular weight of 17.5), respectively. 
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CHAPTER 7. EXPRESSION OF THE A7C07%4AW PROTEIN KINASE (NPKl) 
ENHANCED DROUGHT TOLERANCE IN TRANSGENIC MAIZE BUT NOT IN 
TRANSGENIC SOYBEAN 
To be submitted to Journal of Plant Physiology 
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Summary 
Drought is the most important abiotic stress affecting productivity of maize and 
soybean. Previous study has shown that the expression of a MAP kinase kinase kinase 
(MAPKKK) activated oxidative signal cascade and led to tolerance of freezing, heat, and 
salinity stress in transgenic tobacco. To analyze the role of activation of oxidative stress 
signaling in drought stress improvement in major crops, we expressed a tobacco MAPKKK 
(NPKl) in maize and soybean. We show here that the NPKl expression enhanced drought 
tolerance in transgenic maize. Under drought condition, the transgenic maize plants 
maintained significantly higher photosynthesis rate than did the non-transgenic control, 
indication that the NPKl has induced certain protection mechanism to protect the 
photosynthesis machinery from dehydrate damage. As a result, transgenic maize plants set 
almost same size seeds under drought conditions as those under well watered conditions, 
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suggesting that they have higher yield potential than the non-transgenic plants under drought 
conditions. On the other hand, expression of NPKl gene in soybean did not show any 
advantages on the improvement of drought tolerance. All three transgenic soybean events 
reduced growth, apparent photosynthesis, and productivity to the same extent as non 
transgenic check did, suggesting that the MPKY gene either could not activate the soybean 
oxidative signal pathway or the protective effect from the activated oxidative pathway is not 
significant in soybean. 
Keywords: Drought tolerance; NPKl; Glycine max\ Transgenic plant; 'lea may 
Abbrevaitions: AP, apparent photosynthesis; GST, glutathione s-transferease; HSP, heat 
shock protein; MAPK, motigen-activated protein kinase; NPKl, Nicotiana protein kinase; 
Introduction 
Drought is the most important abiotic stress affecting crop productivity (Boyer 1982). 
Annually drought causes 24 million tons yield loss in maize (Heisey and Edmeades 1999). 
In soybean, it has been reported that 36% of the yield variation between soybean production 
systems was caused by the water supply (Specht et al. 1999). Drought reduces the 
productivity by inhibiting plant growth and photosynthesis (Taiz and Zeiger 1998). The 
reduction of photosynthesis rates under drought condition is caused by two reasons. Firstly, 
water deficit causes stomatal closure and decreases intercellular CO? concentrations. 
Secondly, the dehydration of mesophyll cells damages the photosynthesis machinery (Taiz 
and Zeiger 1998). Although the relationship between photosynthesis rate and crop yield is 
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not always coupled because crop yield also is affected by assimilate partitioning and 
utilization (Guo et al. 2002). The positive correlation between them has been reported in 
several studies (Chandra Babu et al. 1985; Fischer et al. 1998; Pooler and Remkes 1990; 
Petti grew and Meredith 1994; Zelitch 1982). 
Under stress conditions, plants generated reactive oxygen species, including hydrogen 
peroxide (H2O2), superoxide anion, and hydroxy! radicals (Inze and Van Montagu 1995). 
The accumulation of H2O2 can induce the expression of detoxification and protection defense 
genes, such as heat shock proteins (HSPs), glutathione-S-transferases (GSTs), peroxidases, 
superoxide, and pathogenesis-related proteins and thus protect plants from stress damages 
(Kovtun et al. 2002). HSPs have been reported to serve as molecular chaperones that 
participate in ATP-dependant protein unfolding or assembly/disassembly reactions and 
prevent protein denaturation during stresses (Pelham 1986). Correlations between expression 
of HSP proteins and thermotolerance have been found in maize, tomato, and creeping 
bentgrass (Park et al. 1996; Preczewski et al. 2000; Ristic 1998). GSTs are enzymes that 
detoxify endobiolic and xenobiotic compounds by covalent linking of glutathione to 
hydrophobic substrates. Accumulation of both proteins can reduce the damage of chilling, 
heat, and drought, and protect plants from environmental stresses (Li et al. 2003; Ristic et al. 
1998; Roxas et al. 1997; Sabehat et al. 1998). 
In this research, we expressed a cDNA fragment that encoded the kinase domain of 
Nicotiana protein kinase 1 (NPKl) in maize and soybean under the control of a constitutive 
promoter. NPKl is a tobacco mitogen-activated protein kinase kinase kinase (MAPKKK). 
The catalytic domain of NPKl specifically activates the signal transduction pathway in yeast, 
indicating that the catalytic function of NPKl is conservative among different organisms 
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(Banno et al. 1993). NPKl is located on the upstream of oxidative pathway and can induce 
the expression of and GST7 genes in and maize (Kovtun et al. 2000). We 
expected that the activation of these stress genes would protect plants from the damages 
caused by drought in photosynthesis machinery and improve the yield potential in major 
crops - maize and soybean. 
Materials and methods 
Maize and soybean transformation 
Transgenic maize plants were achieved by both Agrobacterium-mQàxdXQÛ and particle 
bombardment transformation. Plasmids from pSHX002 and pBAR184 were used for co-
transformation of the particle bombardment transformation. pSHX002 was derived from 
pBluscript and contains an 800bp DNA fragment, encoding the kinase domain of Nicotiana 
protein kinase (NPKl) driven by a modified 35S promoter (Figure 1 A; Sheen 1993). The 
construct pBAR.184 consists of the maize ubiquitin promoter, which drives the Streptomyces 
gene with the mme/âc/ew nos terminator (Frame et al. 
2000; Figure IB). Agrobacterium strain EHA 101 harbored binary vector pSHX004 
containing selectable marker gene bar and transgene NPKl (Figure 1C) was used to 
transform Hi II maize immature embryo as described (Frame et al. 2002). Transgenic events 
achieved by particle bombardment and Agrobacterium-meâitaXQà transformation were 
desinated as P84 and A4, respectively. Regenerated transgenic plants (R0) were crossed with 
hybrid Hi II or inbred line B73 to produce R, seeds. 
Agrobacterium strain EHA101 and the binary vector pSHX004 were used for 
soybean transformation using Agrobacterium-mediatsd cotyledonary node method (Zhang et 
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al. 1999). Cultivar Throne was used for the transformation. Transgenic events achieved 
were designated as ST 14. 
Southern and real-time RT PGR analysis 
Leaf genomic DNA was extracted from fresh soybean or maize leaf tissue using 
cctyltrimethylammonium bromide (CTAB) protocol (Murray and Thompson 1980). Ten 
micrograms of genomic DNA of each of the Agrobacterium-derived A4 and ST 14 events 
were digested with the Stu I restriction enzyme, while DNA of bombardment-derived P84 
events was digested with restriction enzyme EcoR I at 37"C overnight. Digested DNA was 
separated on a 0.8% (w/v) agarose gel. A 1.8 kb DNA fragment containing 7VPXV gene and 
its promoter and terminator (probe 1 in Figure 1) and a 0.8 kb DNA fragment of the coding 
region of gene (probe 2 in Figure 2) were isolated from the pSHX002 construct and 
used as hybridization probes for the P84 events and the A4 or ST14 events, respectively. 
DNA gel blot analyses (Sambrook et al. 1989) were conducted on DNA samples using the 
32P-labeled above probes (Figure 1). 
Real-time RT-PCR was conducted to detect the levels of NPKl transcript as 
followed. 18S small unit ribosomal RNA gene (Genebank accession number AF168884) 
served as endogenous control for the RNA quantification. RNA extraction, DNase 
treatments, and cDNA synthesis were carried out using Trizol reagent, RNase-free 
deoxyribonuclease I, and SUPERSCRIPTTM RNase H- Reverse transcriptase (Invitrogen 
Life Technologies, Carlsbad, CA) followed manufacture's instructions. Taqman assay to 
detect the starting amount of cDNA template in the real-time PGR reactions was conducted 
using the iCyclcr iQ Detection System (Bio-Rad Laboratories Inc., Hercules, CA) as 
manufacture recommended. All oligonucleotides, including primers and probes were 
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designed using the DNA mfbld server of Dr. Michael Zuker 
(http://www.bioinfo.rpi.edu/applications/mfold/old/rna/foiTnl.cgi) and Primer 3 software 
(Whitehead Institute for Biomedical Research in Cambridge, Massachusetts, USA.). The 
internal oligonucleotide probes specific for NPKl and 18S rRNA gene were labeled at the 5' 
end with F AM and at 3' end with BlackHolc Quchencher-1 or at the 5'end with TAMRA and 
at 3" end with BlackHole Quchencher-2, respectively. All of the primers and probes were 
synthesized and labeled by Integrated DNA Technologies (Coralville. IA. USA). Serial 
dilutions of plasmid DNA s from pSHX004 (Figure 1), containing the NPKl gene and 
pSHXOQ? (Shou et al. 2002), containing the 18S rRNA gene fragment were used to generate 
standard curves in the cDNA quantification, was used for making standard curves. Data 
were normalized based on the internal control 18S RNA gene. 
PCR analysis 
Transgenic plants were selected using PCR analysis. Genomic DNA was extracted 
from a leaf disc of seedlings using the CTAB protocol (Murray and Thompson 1980). 
Primers of GGCTGCAGGAATTCTCACATGT and GCTCCCGAAGTCATTCTGCA were 
used to amplify a 646 base pair fragment of DNA, containing part of the transgene and the 
NOS terminator. PCR reactions were conducted in a total volume of 20 ml containing 50-
100 ng of genomic DNA, Ix PCR buffer, 3mM of MgCh, 0.2 pM of forward and reverse 
primers, 0.2mM of dNTP and 1.5 unit of Taq polymerase. PCR reaction include DNA 
denaturing 3 minutes at 94°C followed by 30 amplification cycles (94°C, 1 minute; 55°C, 1 
minute. 72°C, 1 minute) and a final extension step at 72°C, 10 minute. 
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Drought tolerant tests 
R, seeds from events A4-1, A4-2, and A4-9, R% seeds from event P84-12 were 
germinated and screened for the presence of the transgene by PCR analysis. Ten uniform 
maize transgenic seedlings from the above events and the non-transgenic control Hi II were 
selected and divided into two groups. One group of the plants was exposed to drought stress 
(DS) conditions in which the soil water content was constantly kept at 25% of field capacity 
(FC), while the plants in the other group were under well-watered (WW) condition in which 
soil was kept under 100% of FC. FC of soil was maintained according to Samarah's protocol 
(2000). The treatments were started from the four-leaf stage and maintained until plant 
maturity (Ritchie and H an way 1992). 
A similar drought experiment was conducted to test the drought tolerance of NPKl 
transgenic soybean. Ten plants from R, of ST 14-1, ST 14-2, and ST 14-6 or non-transgenic 
control Throne were divided into DS and WW groups. In DS treatment, water content of soil 
was maintained in 25% of field capacity, whereas plants in the well-watered treatment were 
kept in soil containing 100% of field capacity. Treatments were starting from V4 stage until 
R7 stage (Fehr et al. 1971 ). 
Apparent photosynthesis rate 
Leaf apparent photosynthesis rate of plants in the drought tolerant experiment were 
measured at mid-day for the third leaves from the top of the canopy using a Li cor 6200 
Photosynthesis System (LI-COR, Inc.. Lincoln, NE). Measurements were taken on day 17, 
24, 31, and 38 after drought treatments started for both maize and soybean and one more time 
on day 45 for soybean. Five plants were measured for each treatment. 
184 
Agronomie traits of treated plants 
Plant height and leaf numbers of maize plants were measured at the tasseling-stagc. 
Seed number, w eight from each of the treated maize plants were measured after harvesting. 
Plant height, number of branches, nodes, pods, and seeds, and seed weight of soybean plants 
were measure after plants were harvested. 
Statistical analysis 
Statistical significances on the apparent photosynthesis rates and leaf numbers were 
analyzed using SAS program (SAS Institute Inc. Gary, NC). 
Results 
Production of 7VPA7 transgenic maize and soybean 
Transgenic maize plants were achieved by Agrobacterium-mediated transformation or 
particle bombardment using binary vector pSHX004 (Figure IC) or plasmid vector pSHX002 
(Figure 1A), respectively. The transgene in both constructs was the kinase domain of 
/VPA^gene driven by a constitutive promoter 35SC4PPDK (Sheen 1993). Transgenic events 
generated from the above two methods were designated as A4 and P84, respectively. 
Transgenic soybean plants were generated by ^groAacfenwrn-mediated cotyledonary node 
system (Zhang et al. 1999) using pSHX004 as vector. Transgenic soybean events were 
named as ST 14. Both transgenic maize and soybean plants grew normally under non-
stressed conditions. 
The presence of 7VPAT7 gene was confirmed by Southern blot (Figure 2). The 
expression level of /VPÂV gene varied from events to events as expected for most transgenic 
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plants. The relative amount of 7VPÂV transcripts in the events used for drought test was 
detected by real-time RT-PCR analysis and listed in Table 1 
Effect of overexpressing VYPAT7 gene on drought tolerance of maize 
Four transgenic events A4-1, A4-2, A4-9, and P84-12 and the negative check Hi II 
were included in the drought test. Plants exposed to drought stress were compared with those 
under well-watered conditions for morphological traits and photosynthesis rate. 
Under the well-water condition, there was no significant difference in apparent 
photosynthesis (AP) rate between the transgenic plants and non-transgenic Hi II control. The 
average AP rate ranged from 17.15 to 18.02 pmol/nrs in all plants. In the plants subjected to 
drought stress (with water supply at 25% of field capacity), reduced AP rates were observed 
for all plants in the experiment. In the four transgenic lines, the reduction of apparent 
photosynthesis rates ranged from 5.3% to 24.4% and was not significantly different from 
their well-watered counterparts. The non-transgenic control Hi II, on the other hand, had a 
drastic reduction in apparent photosynthesis rate (47.0% reduction) that was significant lower 
than the well-water Hi II plants (Table 1). The AP rates of the transgenic events A4-2. and 
A4-9 were significantly higher than that of Hi II under drought conditions. The other 
transgenic lines A4-1 and P84-12 had higher apparent photosynthesis rates than the check, 
but not statistically significant. In combination with transgene expression data (Table 1 ), w e 
found that the photosynthetic performances of the transgenic lines were correlated with their 
relative amount of transgene transcripts. The transgenic event A4-9 that has the highest AP 
rate under drought conditions had the highest RNA level of the transgene. The lowest 
expresser P84-12 transgenic plants did not have significant difference with Hi II in 
photosynthetic performance of under drought conditions. The result indicated that the 
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overexpression of gene in maize protected the photosynthetic machinery under 
drought stress. 
Seed size of both transgenic and non-transgenic plants decreased by drought 
treatment except event A4-1 whose seed size was slightly large than its well-watered 
counterpart (Table 2). The seed weight of non-transgenic plant Hi II had the largest 
decrease, 46.13%, whereas the average seed size decrease of the four transgenic lines was 
20.15%. Unexpectedly, the drought-treated plants set similar amount or more kernels than 
the well-watered plants in control and transgenic plants, respectively (Table 2). This may be 
accounted for by the fact that we hand-pollinated these plants using pollen from unstressed 
plants. 
Effect of overexpressing jVP&V gene on drought tolerance of soybean 
Photosynthesis in all soybean plants was significantly inhibited by drought stress 
(Figure 3). Drought stress significantly reduced the apparent photosynthesis rates in both 
transgenic and non-transgenic soybean plants. No significant difference in apparent 
photosynthesis rates was detected between transgenic soybean and non-transgenic soybean 
under both well-watered and drought conditions. 
Table 3 listed the changes of morphological traits and yield components caused by 
drought stress. Drought reduced values of all evaluated characteristics in soybean, including 
plant height, numbers of node, branches, pods, and seeds, seed size and seed weight per plant 
(Table 3). No positive impacts on the improvement of drought tolerance were detected in the 
transgenic soybean plant overexpressing the NPKl gene. 
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Discussion 
We here showed that the expression of NPKl gene in maize plants provided benefit 
on the drought tolerance. Transgenic maize plants maintained higher apparent 
photosynthesis rate than nontransgenic check Hi II under drought conditions, indicating that 
the photosynthesis machinery was protected by the expression of NPKl gene. This is the 
first study in which drought tolerance was improved in maize through genetic engineering 
approach. Kovtun et al. (2000) showed that oveexpression of the same gene having 
enhanced freezing, heat, and salt tolerance in transgenic tobacco. However, the effect of the 
active NPKl on the drought tolerance, especially on the protection of photosynthesis 
machinery was not addressed in their research. 
Responding to different stresses, plant accumulates active oxygen species (AOS), 
including hydrogen peroxide (H202). While large amount of H202 accumulation leads 
inevitably programmed cell death, relative small amount of H2O2 modifies gene expression in 
the way to enhance plant defense responses (Pastori and Foyer, 2002). Kovtun et al. (2000) 
showed that constitutive expression of a //PAY orthologue, ANP1 mimicked H2O2 signal to 
activate the oxidative signaling cascade. As did H2O2 signal, overepression of ANP1 
induced the expression of many other genes, including HSP18.2 and GST6 (Kovtun et al. 
2000). In this study, using fiber microarray assay, we detected that a small HSP gene was 
up-regulated 2.6 fold and 6.85 folds in the transgenic maize events A4-1 and A4-9 compared 
with their non-transgenic segregants (Shou et al. unpublished), indicating the expression of 
NPKl induced the expression of the small HSP protein in maize. Increasing evidence 
supports that HSPs plays an important role in thermotolerance (Maestri et al. 2002). Small 
organellar HSPs associate with membranes under heat stress and protect photosynthetic 
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electron transport (Debel et al. 1995). A small chloroplast HSP has been reported to protect 
thermolabile photosystem II and, consequently, whole-chain electron transport during heat 
stress (Heckathom et al. 1998). Our experimental results showed that TVPAV transgenic 
maize maintained a higher photosynthesis rate under drought conditions. This might be 
associated with the elevated expression of HSP gene in the protection of photosvstems. 
Because factors other than leaf photosynthesis rate, such as leaf area, and the 
allocation of photoassimilate also affect the final yield, the correlation between yield and 
photosynthesis rate does not always exist. In our experiment, we observed that the extent of 
decreased seed size due to drought stress in transgenic maize plants was much less than in 
non-transgenic control Hi II, indicating that the NPKl transgenic maize have higher yield 
potential than the non-transgenic plants under drought conditions. Unexpectedly, we 
observed that the drought-treated plants set similar amount or more kernels than the well-
watered plants in control and transgenic plants, respectively. Because we used unstressed 
plants as the pollen source to pollinate these maize plants, the variation of pollen source had 
masked drought damage of these plants on the seed set. Due to this variation of pollination 
conditions in greenhouse, we did not present the final seed yield data in the paper. Whether 
the transgenic materials have advantage' in the actual yield under drought condition needs to 
be further confirmed by a large-scale field test. 
It also was observed that under drought stress, the final leaf number of transgenic 
maize increased whereas that of the non-transgenic check (Hi II) remained constant (Table 
4). Final leaf number is a trait that was highly genetic controlled. It rarely changes under 
different environmental conditions. Photopcriod can affect the final leaf number in wheat 
because the days to maturity were affected by photopcriod (Pararajasingham and Hunt 1996). 
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Under drought stress, both transgenic maize and non-transgenic control delayed their 
maturation. The days to maturity were extended 14 days for transgenic events (average) and 
11 days for Hi II. The longer maturity delay in transgenic plants might explain the fact that 
transgenic plants developed more leaves under drought condition. Whether these different 
responses to drought stress between the transgenic events and control are caused by the 
activation of transgene or by genetic variation is not clear. 
Unlike in maize, transferring the NPKl in soybean did not achieve positive results in 
the improvement of drought tolerance. The growth, apparent photosynthesis, and yield 
components in transgenic soybean events were reduced under drought stress to the same 
extent as those in the non-transgenic check cultivar "Throne". It might be because the NPKl 
gene cannot activate the oxidative signal pathway in soybean or the protection effect from the 
activated oxidative pathway in soybean is not significant. 
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Table 1. Effect of dough* on apparent photosynthesis rate of transgenic and 
non-transgenic maize plants 
Apparent Photosynthesis rate (^mol/m's) 
RNA levels of # of Well-watered Drought Decreasing 
Events the transgene observations treatment treatment (%) 
A4-1 0.120 20 17.56*"' 14.22** 19.0% 
A4-2 0.196 20 17.15 *" 14.79*" 13.8% 
A4-9 0.540 20 18.02* 17.07*" 5.3% 
P84-12 0.034 20 17.27*" 13.05 24.4% 
Hill 0.000 20 17.97* 9.53 ^ 47.0% 
*: Means with the same letter are not significantly different (p<0.05) 
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Table 2. Effect of drought on yield components of trangenic and 
transgenic maize 
non-
Kernel number Kernel weight (g) 
Events 
# of 
observations Well-watered Drought Well-watered Drought 
A4-1 5 I34.0±41.3** 140.3±34.4 0.22±0.04 0.23±0.07 
A4-2 5 99.3±38.9 II8.0±20.I 0.29±0.10 0.24±0.03 
A4-9 5 I3I.5±12.9 188.5±50.2 0.27±0.0 0.21±0.07 
P84-12 5 93.0±5.8 I62.0±42.3 0.35±0.05 0.23±0.0l 
Hi 11 5 I70.5±33.1 I72.3±33.l 0.27±0.03 0.15±0.05 
*: Means with the same letter are not significantly different (p<0.05): ** Data presented 
as mean±standard deviation. 
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Table 3. Effect of drought on the morphological traits of soybean 
Plant height F5F Seed weight Seed size 
Events Treatment (cm) # of nodes branches U of pods # of seeds (g) (g»seed) 
Well-watered 83.I±I0.9 18.3il.4 I0.8±l.8 II5.3±I8.8 298.5±66.6 5I.II±9.92 O.I7±O.OI 
Drought 48.2±6.8I 13.5±3.1 7.8±l.6 52.2±4.8 lll.7±8.4 I7.60±1.65 0.I6±0.0I 
Throne Decreasing (%) 42.00% 26.23% 27.78% 54.73% 62.58% 65.58% 8.01% 
Well-watered 75.7±I0.8 I8.2±4.8 10.5±l.2 I23±23.8 287±35.0 49.0I±5.0 0.l7±0.0l 
Drought 5I.5±4.9 14.8±l.l 9.0±3.2 60.l±4.5 II2.8±I4.9 I6.99±2.l 0.15±0.0I 
ST14-I Decreasing(%) 31.97% 18.68% 14.29% 51.14% 60.70% 65.33% 11.79% 
Well-watered 8I.8±4.5 2I.5±3.6 I0.3±1.3 I16.3±20.0 299.6±33.3 49.9I±5.4 0.I7±0.0I 
Drought 45.9±3.l 21.1±4.1 5.6±l.2 57.9±9.l I35.9±15.5 20.50±3.3 0.I5±0.02 
STI4-2 Decreasing (%) 43.89% 1.86% 45.63% 50.21% 54.64% 58.99% 9.59% 
Well-watered 70.4±5.3 I9.5±2.l I0±l.8 I09.8±I3.8 279.2±33.8 46.08±6.5 0.l7a=0.0l 
Drought 38.5±9.l 15.l±2.2 8±l.4 60±2I.I 120.4±50.8 I6.52±8.5 0.I4±0.0I 
STI4-6 Decreasing (%) 45.31% 22.56% 20.00% 45.36% 56.88% 64.15% 16.86% 
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Table 4. Effect of drought on final leaf numbers of 
trangenic and non-transgenic maize 
Total leaf number 
# of 
Events observations Well-watered Drought 
A4-1 5 18.2 ^ 18.8^ 
A4-2 5 18.8^ 20.6* 
A4-9 5 18.4 c 19.0^ 
P84-12 5 19.2 Be 19.8 ** 
Hill 5 18.4^ 18.0^ 
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Legends of figures 
Figure 1. Constructs for maize transformation. (A) pSHX002 and (B) pBARl 84, constructs 
used for co-bombardment transformation. (C) pSHX004, binary vector construct 
for Agrobacterium-mediated transformation; LB, left border; RB, right border; 
bar, phospinothricin transferase gene; NPKl, Nicotiana protein kinase gene; 
P35S*, 2x CaMV 35S promoter (Odell et al, 1985); P35S**, a modified 35S 
promoter (35SC4PPDK, Sheen, 1993); Pubi-int; ubiquitin promoter with its intron 
(Christensen and Quail, 1996); LEV, tobacco etch virus 5' untranslated region 
(Carrington and Freed, 1990); Tnos, nopaline synthase terminator (Depicker et al, 
1982); Tvsp, soybean vegetative storage protein terminator (Mason et al., 1993); 
T35S, CaMV 35S terminator; E, EcoR 1; N, Not I; S, Stu I; NPKl probe 1: 0.8 kb 
coding region of NPKl gene; NPKl probe 2: 1.8 kb NPKl gene with its promoter 
and terminator. 
Figure 2. Southern blot analysis for NPKl transgenic maize and soybean. Ten micrograms 
of genomic DNA were digested with EcoR I (P84 events) or Aw I (A4 and ST 14 
events) and probed with 0.8 kb NPKl probe. Ctr-, negative control, genomic 
DNA from non-transformed maize inbred line B73; Ctr+, one copy of positive 
control, non-transgenic maize genomic DNA spiked with 62 pg of pSHX004 
plasmid DNA digested with Stu I. Lanes with dark arrow labels are the 
transgenic events used for drought tests. 
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CHAPTER 8. GENERAL CONCLUSIONS 
The dissertation includes two parts: improvement of maize and soybean 
transformation technology, and development of stress tolerant maize and soybean using 
genetic engineering approach. The first part of the research include: 1) optimization of 
current soybean transformation protocol —Agrobacterium-xnsàmXQÙ cotyledonary node 
transformation protocol; 2) exploration of soybean tissue-culture independent transformation 
technology — pollen-tube pathway transformation; 3) establishment of maize 
Agrobacterium-mediated transformation protocol; and 4) evaluation of the qualities of 
transgenic maize events generated from Agrobacterium-mediated and particle bombardment 
transformations. The second part of the study included the production of transgenic maize 
and soybean that expressed Nicotiana protein kinase 1 (NPKl) gene under the control of a 
constitutive promoter, and the evaluation of the freezing and drought tolerance in these 
transgenic maize and soybean plants. 
In Chapter 2 the factors affecting the efficiency of soybean Agrobacterium-mediated 
cotyledonary node transformation were investigated. The study concluded that 
transformation efficiency of this protocol can be improved by the following optimizations: 1) 
using high vigorous seeds as starting material and minimizing the duration of seed 
sterilization; 2) the growth phase of Agrobacterium affects inleclability, and thus affect the 
transformation efficiency, /fgrobacfenw/n strain EHA105 had the best infectability when 
OD&50 of bacterium culture reached 0.3-0.6; and 3) public cultivars such as Peking and Jack 
can replace the private variety Asgrow 3237 for soybean transformation. 
In Chapter 3 the repeatability of the pollen-tube pathway transformation technique 
was evaluated. The experiment was repeated for three summers in the field, in which four 
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DNA constructs, and seven soybean genotypes were tested. After screening of 4793 progeny 
seeds harvested from individually treated soybean flowers, no positive plants were identified 
from GUS assay and Southern analysis. The research concluded that soybean pollen-tube 
pathway transformation is not reproducible in our laboratory. 
A routine Agrobacterium-mediated maize transformation system using standard 
binary vector was reported m Chapter 4. This study is the first report in which fertile, stable 
transgenic maize plants have been produced using a standard binary vector. Inclusion of L-
cysteine in the co-cultivation medium was the key for the success of the transformation 
system. The quality of transformants obtained from the new-established protocol was 
compared with those from particle bombardment transformation in Chapter 5. Results 
showed that transgenic maize plants achieved from Agrobacterium-mediated transformation 
contained lower transgene copies, and had higher and more stable transgene expression than 
those from particle bombardment, and thus were more desirable. In this research, we used 
real-time PCR and RT-PCR methods to detect transgene copy number and expression levels. 
Results using these new methods correlated well with those obtained using the traditional 
Southern and Northern analyses, indicating that the newly established protocols can be used 
for large scale analysis of transgenic events. 
Chapters 6 and 7 report research to improve stress tolerance of maize and soybean 
through genetic engineering. Compared with their non-transgenic segregants, the transgenic 
maize lines that highly overexpressed the tobacco 7VPÂV gene were able to tolerate 1-2 
degrees lower freezing temperatures and survive 1-2 more hours under extreme freezing 
conditions (-5°C). Transgenic seedlings contained an increase amount of total carbohydrates, 
glucose, and fructose contents compared with the negative segregants and had elevated 
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expression levels of five stress related genes, including D&E#./, E&E&P. G5T. and 
small MSP. The induction of these stress-related genes may have stimulated the protection 
mechanism in plants and protected plants against stress damage. 
NPKl transgenic maize plants also were found to be more tolerant to drought stress in 
the work presented in Chapter 7. Transgenic maize plants maintained higher photosynthesis 
rates and resulted in less decrease of seed size under drought stress. Data suggested that 
these transgenic materials may have higher yield potential under drought conditions. In this 
Chapter, the drought tolerance of NPKl transgenic soybean also was examined. However, 
no advantage in drought tolerance was detected in these transgenic soybean events. 
Increasing demands on global food production combined with declining agricultural 
land is applying more pressure on crop improvements. In the 20th century, the development 
of dwarf wheat cultivars has doubled the world wheat yield and greatly contributed to world 
agriculture. Entering the 21st century, biotechnology is shedding light on the future of 
agriculture. Transgenic plants with improved quality, pest resistance, stress tolerance, and 
other novel traits have formed the basis for a new 'green revolution'. Research on functional 
genomics is putting the pieces together to understand the mystery of life. The work 
presented in this dissertation was focused on developing maize and soybean transformation 
technology and producing stress tolerant maize and soybean using these transgenic 
approaches. The results of this study contributed important pieces of the biotechnology 
puzzle. 
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APPENDIX. EXPRESSION HA TAGGED NPKl PROTEIN IN E. COA/ 
Introduction 
Mcofwma protein kinase 1 (NPKl) is a tobacco originated protein. Its kinase domain 
is the active domain for the protein. We have overexpressed NPKl kinase domain 
(designated as NPKl in the dissertation) in maize and soybean plants to improve stress 
tolerance (Chapters 6 and 7). Since the truncated NPKl protein (kinase domain) is unstable 
and cannot accumulate to a sufficient level in the plant (Kovtun et al., 1998), the presence of 
NPKl protein in our transgenic plants was difficult to be detected by protein blot analysis. 
To get purified NPKl protein for optimizing the protein blot system, the double helaglutamin 
(DBA) tagged NPKl protein was expressed in E. coli. 
Experimental procedures 
Construct of expression vector 
PCR primers were designed to have either EcoRI (forward primers) or (reverse 
primers) restriction sites at their 5'ends. PCR reaction was conducted using plasmid 
pSHX002 (See the map in Chapter 5) as template. PCR product and DNA of pET24a 
expression vector (Novagen, Madison, WI) were digested with restriction enzymes of EcoR] 
and Xhol and ligated together as new vector pSHXOOô (Figure 1). 
Expression of pSHXOOô in E. ce# 
Vector pSHXOOô was transferred into three E.coli strains: BL21(DE3); 
BL21(DE3)pLysS, and BL21 (DE3)pLysE to get the best expression. Single colonies of the 
transformed bacteria were grown in 2 ml LB medium carrying appropriate antibiotics: 
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kanamycin for the vector, chloramphenocol for the host strain BL21(DE3)pLysS and 
BL21(DE3)pLysE at 37°C shaker. When the OD&oo of the bacterium culture reach 0.6, 20^1 
of 100mM IPTG was added into each of the culture tubes to induce the expression of the 
target gene. 
Protein gel electrophoresis 
After three hours induction, bacterium cultures were harvested and resuspended with 
150ul 20mM Tris-HCl (pH8.0) and then mixed with 300ul of protein sample buffer 
containing 0.5% bromophenol blue, 10% SDS, .0625 M Tris-HCl (pH 6.8), 0.25% glycerol. 
After boiling the above mixture of bacterium proteins at 95°C for 5 minutes, protein samples 
are loaded onto 12% SDS-polyacrylamide gel and run at 160 volts. 
After electrophoresis, protein gels were either stained by Coomassie blue R250 
(BioRad, Richmond, CA) or transferred to a PVDF western blotting membrane by 
electrophoretic blotting. Gel staining and transferring followed the instruction manuals from 
BioRad. 
Protein purification 
T7 Tag Affinity Purification Kit (Novagen, Madison, WI) was used for purification of 
NPKl protein that carried the 11 amino acid T7 Tag sequence and followed the 
manufacture's instructions. 
Western blot analysis 
Anti-HA high affinity antibody from Roche Molecular Biochemical (Mannheim, 
Germany) was used to detect the double hemagglutinin tag on protein samples. Western blot 
207 
process followed the manufacture's instructions. Briefly, membrane first was blocked with 
phosphate buffered saline (PBS) containing 5% milk for one hour. Then membrane was 
incubated in 15 ml of PBS containing 1 Q0ng/ml of anti-HA affinity antibody for one hour. 
After washing with PBST (PBS, 0.05% Tween), the blot was incubated with Anti-Rat-lg-
Biotin (Roche) in PBS for half an hour and followed with another half hour incubation with 
Streptavidin-PQD in PBS. Blot finally was detected using a chemiluminescence substrate 
(Roche), following the manufacture's instructions. 
Results 
Our target NPKl protein should have the size of about 35.8 KDa. In the host cell of 
BL2KDE3) pLysE, the NPKl gene was expressed in a detectable amount (Figures 2 and 3). 
The 11A tagged NPKl was purified for analyzing of other HA tagged proteins. 
Reference: 
Kovtun Y, Chiu WL, Zeng W, Sheen J (1998) Suppression of auxin signal transduction by a 
MAPK cascade in higher plants. Nature 395: 716-720 
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Figure 1. Construction of pSHXOOô. PCR products with EcoRI and Xhol restriction 
sites at ends was ligated to pET 24a expression vector and construct pSHXOOô. 
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Figure 2. HA tagged NPKl proteins produced in E.coZ: expression system. A. 
Coomassie blue stained protein gel. Bacterium proteins from BL21(DE3) pLysE 
harbored pET 24a and pSHXOOô were included in lane one and two. B. Western blot 
using anti-HA antibody. Lane one and two included BL2KDE3) pLysE harbored pET 
24a and pSHXOOô 
